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  Abstract 
Metal-ceramic composites are of interest for a range of applications, including heat 
exchangers, electronic packaging, piezoelectric actuators and transducers, gas turbine 
generators and engine components. These composites will derive their properties from the 
properties of the constituent materials, and from the arrangement of the micro- and nano-
structures. Microstructural features are often limited by the available processing methods, 
so new methods are needed to further refine and control composite microstructures. Partial 
reduction heat treatment of mixed oxide ceramics is one technique that has been 
investigated as a way to produce metal-ceramic composites in near-net shapes. As part of 
this dissertation, novel, hierarchical metal-ceramic microstructures using partial-reduction 
reactions have been produced. The crystal structure of the starting oxide, delafossite-
structured CuAlO2, was shown to determine the structure of these hierarchical 
nanocomposites, with metallic copper lamella growing fastest on the CuAlO2 (0003) basal 
plane. An orientation relationship was identified in the nanocomposites as Cu[110]//θ-
Al2O3[001] and Cu(111)//θ-Al2O3(-401). It was found that the structure of the 
nanocomposites can be further controlled and tailored by changing process variables to 
alter the rates of decomposition and diffusion in the system. SEM and S/TEM 
characterization techniques were used to investigate the crystal structure before, during, 
and after the partial reduction process. Atomic resolution images of the reduction front 
elucidated the change in crystal structure and identified orientation relationships between 
the CuAlO2 and resulting Cu/Al2O3 nanocomposites. A few regions of the composite 
microstructures showed evidence of discontinuous coarsening of the nanocomposite. This 
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discontinuous coarsening reaction was shown to induce a phase transformation in the 
alumina phase from the θ-Al2O3 variant to the δ-Al2O3, while retaining the orientation of 
the copper phase across the coarsening interface. The decomposition behavior of CuAlO2 
was applied to grain boundary interfaces and complexions. Films of CuAlO2 were 
produced in α-Al2O3 by annealing in an oxidizing atmosphere. The CuAlO2 films were 
decomposed by a reduction heat treatment and examined for evidence of copper at the α-
Al2O3 grain boundaries. No evidence of copper segregation to the α-Al2O3 grain boundaries 
was found during HAADF-STEM imaging. The formation of thick films of CuAlO2 after 
the oxidation anneal was shown to increase the surface conductivity of alumina by roughly 
3 orders of magnitude. 1000ppm titanium was added to improve the wettability of copper 
via a reactive wetting mechanism. After oxidizing heat treatments, Ti/Cu segregation at the 
atomic level was observed in the α-Al2O3 grain boundaries. Similar structures were 
observed after a subsequent heat treatment in a reducing atmosphere. Electron Energy-Loss 
Spectrometry (EELS) was used to investigate the valence state of the segregant elements. 
These experiments have demonstrated the use of a mixed copper-aluminum oxide to 
produce unique, tailored metal-ceramic composites using a near-net shape process. These 
findings allow the production of these composites, and sets a foundation for future studies 
of decomposition of similarly structured mixed oxides with different compositions. 
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1. Background 
1.1. Metal-ceramic composite applications 
Metal-ceramic composites are a class of materials expected to generate 
combinations of material properties unattainable by single phase materials. They are of 
interest for a variety of applications, ranging from wear-resistant prostheses1 to heat 
exchangers2, electronic packaging3, piezoelectric actuators4 and transducers5,6, high 
temperature applications in gas turbine generators7 and aerospace engines8,9. In theory, 
metal ceramic composites are able to pair the toughness of metals with the strength and 
light weight of ceramics when microstructures are properly designed10,11. The two classes 
of metal-ceramic composites are defined by the matrix material. Ceramic matrix 
composites (CMCs) use a metal phase in the form of particles or fibers to increase the 
toughness of the ceramic. Toughness increases are typically attributed to fiber pullout or 
crack bridging in fiber composites12, or to crack tip shielding, plasticity, or crack 
bridging13. In contrast, Metal matrix composites (MMCs) typically rely on ceramic fibers 
to increase the stiffness of the metal. When using continuous fibers, the orientation of the 
reinforcing phase greatly influences the properties of the composite. The greatest benefit 
in stiffness can be achieved by selectively orienting the fiber direction, which should be a 
focus in composite design.  
Early work on metal matrix composites (MMCs) started with a focus on 
discontinuously reinforced composites which are still used today in automotive power 
generation, high quality abrasives, and electronic thermal management. This is still the 
predominate case for commercial applications, though continuous graphite, SiC, and Al2O3 
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fibers have found applications in specialty aerospace engines and electronic components14. 
While discontinuous reinforcement is less effective at strengthening than continuous, the 
former tends to show better three-dimensional properties, and the processing of 
discontinuous composites tends to be simpler and more commercially viable. 
MMCs have gained widespread usage in applications for thermal management of 
semiconductor devices. Components for thermal management require a high thermal 
conductivity (λ) and a coefficient of thermal expansion (α) comparable to semiconductor 
materials and/or ceramic substrates (4-7×10-6 /K)3. Few elements or alloys have the 
requisite combination of properties; composites of Cu/W, Cu/Mo, or SiC/Al are frequently 
used in these applications. 
Similarly to MMCs, early work on ceramic matrix composites (CMCs) typically 
focused on randomly oriented, discontinuous SiC fibers embedded in a ceramic matrix 
(typically Al2O3 or Si3N4)
15. Other work has looked at increasing the toughness of ceramics 
by incorporating ductile metallic particles into the ceramic. Metallic particles, such as Ni, 
can plastically deform during bridging, or serve as crack deflectors in a ceramic matrix. 
Partially Stabilized Zirconia (PSZ) has also been explored as a reinforcing phase for 
CMCs16, relying on the transformation from a tetragonal crystal structure to monoclinic in 
order to change the stress state near cracks17. There also may be residual stresses resulting 
from different expansion coefficients of the two phases18. These residual stresses would 
change the initial stress state of the material, impeding crack growth. 
CMC nanocomposites, using nanoscale reinforcing particles or fibers, seek to 
exploit the strengthening mechanisms of composites. Two of the main systems that have 
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been investigated in this manner are Al2O3/SiC
19,20 and Si3N4/SiC
21. In Si3N4/SiC, a 
significant number of dislocations were generated when cooling from the high forming 
temperatures, which further strengthen the material. Moderate increases in strength and 
toughness were found for the systems when fully dense samples were produced. An 
improvement in creep resistance was also found and attributed to a grain boundary pinning 
mechanism by the SiC particles.  
One example of a metal-ceramic composite could consist of a monolithic ceramic 
with metal layers or films at the grain boundaries. This structure, recently labeled as a 
variety of ‘complexion’22, also promises novel system properties23. While the study of 
complexions at the atomic scale is a recent development, they promise further unique 
combinations of materials due to their structure. A bi-layer of a metallic phase at the grain 
boundaries of a ceramic might contribute to greatly improved electrical and thermal 
conductivity or ductility when compared to standard ceramics, while retaining other 
mechanical properties such as strength and hardness. The challenge in achieving this 
combination of properties lies in finding the right system and processing: While metal 
complexions in metal systems24 and ceramic-like complexions in ceramics22 have been 
well documented, evidence of a metallic complexions in oxide ceramic grain boundaries is 
lacking. One system which could combine interesting properties of materials and may be 
processed in a way to produce metal-ceramic composites and complexions is the copper-
aluminum oxide system. 
 6 
 
1.2. Aluminum Oxide  
One material used in metal-ceramic composites is aluminum oxide (Al2O3)
12,21. 
Alumina is preferred in many cases for its strength or hardness, but lacks ductility25. The 
equilibrium structure of alumina at room temperature and pressure is the α-Al2O3 or 
corundum structure. α-Al2O3 consists of an HCP sublattice of oxygen with aluminum 
cations filling 2/3 of the octahedral interstices in an ordered array. The ordering of the 
aluminum cations gives the structure trigonal symmetry, corresponding to the space group 
R-3c. When processing from raw oxides and hydroxides, a series of transitions between 
different alumina polymorphs is often observed with increasing temperature. These 
transition sequences can involve the rearrangement of the oxygen lattice from an FCC sub-
lattice to HCP, the migration of aluminum cations from tetrahedral to octahedral interstices, 
and the ordering of aluminum cations in the interstitial sites. 
The study of transition aluminas is closely tied to their catalytic uses and the 
production of high purity alumina using precursor minerals. Traditional aluminum oxide 
production starts from bauxite ores, which consist of a combination of various aluminum 
hydroxides such as boehmite(gamma-AlO(OH)), gibbsite (Al(OH)3), and diaspore (α-
AlO(OH)). These hydroxides are purified and homogenized in the Bayer process.  The 
purified hydroxides from the Bayer process can then be calcined to form aluminum oxide 
and water vapor. During the calcination process, the hydroxides decompose forming 
various aluminum oxide phases and water vapor26.  
The structure of the precursor hydroxides will determine what transition sequence 
the system will undergo to try to achieve the stable α-Al2O3 polymorph. The transition 
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sequence of interest for this study involves the rearrangement of the oxygen sub-lattice 
from an FCC lattice to an HCP lattice. This transformation series starts with γ-AlOOH  
(boehmite) and transforms through γ-Al2O3 (spinel-structured), δ1,2-Al2O3 (orthorhombic), 
and finally θ-Al2O3 (monoclinic) before rearranging into α-Al2O3 (hexagonal). The oxygen 
sub-lattice maintains a variant of FCC packing through the initial transformations but 
transforms into an HCP lattice in α-Al2O3. Electron diffraction experiments show the 
oxygen sublattice does not change significantly through the γ-δ-θ alumina transition 
sequence described above27,28.  An understanding of the ordering and diffusion of the 
aluminum cations is necessary to discuss the various phase transformations.  
The structure of δ-Al2O3 has been described as either orthorhombic or tetragonal 
depending on the method of preparation. It is characterized by the ordering of the aluminum 
cation vacancies. The δ-Al2O3 supercell consists of a tripled unit cell of the spinel structure, 
containing 160 ions per supercell.  More recent studies using electron diffraction methods 
suggest a P212121 or P21212 space group
29. 
Kovarik et. al. propose that δ-Al2O3 samples are comprised of two structural 
variants, δ1-Al2O3 and δ2-Al2O330. These two highly intergrown structures, shown in Figure 
1.1a, contribute to the resultant δ-Al2O3 structure. Characterization of these two variants 
require atomic-resolution HAADF-STEM imaging, as well as complementary SAD and 
CBED. The two polymorphs cannot be distinguished on the principal axis [010], but the 
difference in occupied Al cation sites can be observed on the [001] and [100] axes. Based 
on their experimental observations, the δ1-Al2O3 structure consists of a FCC oxygen sub-
lattice, with 62.5% of the aluminum ions located on octahedral interstices, shown in blue, 
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while the other 37.5% of the aluminum ions are found in the corner-sharing tetrahedral 
sites, shown in yellow.  
θ-Al2O3 has a monoclinic structure, shown in Figure 1.1b, and is a structural 
isomorph with β-Ga2O3, with oxygen atoms arranged in a distorted FCC lattice. θ-Al2O3 
belongs to the C2/m space group, and the unit cell contains 20 ions26.  The aluminum 
cations are equally distributed between the blue octahedral and yellow tetrahedral 
interstices.  
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Figure 1.1.(a) Crystal structure of δ1- and δ2-Al2O3, reproduced from Kovarik et. al.31. (b) 
Crystal structure of θ-Al2O3, modeling using atom positions from ICDD (00-035-0121) 
 
 
(a) 
(b) 
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The alumina structures described above will be paired with copper or copper oxides 
to produce the metal-ceramic composites. The structure of copper and its oxides will be 
discussed.  
1.3. Copper and Copper oxides 
Copper is a ductile metal used primarily in applications for its electrical 
conductivity. The room temperature equilibrium structure for metallic copper is the FCC 
crystal structure. The valence state of copper can be 0, +1, or +2, forming the oxides Cu2O 
and CuO, with the stability ranges of the metal and oxides shown in the temperature-pO2 
phase diagram in Figure 1.2.  The monovalent oxide, cuprite Cu2O retains the FCC crystal 
structure, space group Pn-3m, when it incorporates oxygen into the metallic copper lattice 
in the tetrahedral interstitial sites. The divalent oxide, CuO, adopts a monoclinic crystal 
structure, space group C2/c.  
The use of copper thin films as an electronic packing material was hindered by low 
temperature (150 °C) oxidation forming a non-protective scale32. Copper and copper oxides 
also have uses as catalysts for methanol33, carbon monoxide34, and nitrous oxide (NO)35, 
three reactions where the local pO2 environment can induce oxidation or reduction 
reactions, decreasing the efficacy of the catalysts. Studies of oxidation and reduction of 
copper have sought to understand and establish the mechanism for oxidation and reduction 
reactions. 
The oxidation and reduction behavior of copper and copper(I) oxide follows the 
chemical equation 
2𝐶𝑢 + 1
2
𝑂2(𝑔) ↔ 𝐶𝑢2𝑂 (1.1) 
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Figure 1.2. Oxygen partial pressure/temperature phase diagram for copper and copper 
oxides, reproduced from Schmidt-Whitley et. al.36 
 
LaGrow et. al. observed oxidation and reduction cycles of copper nanoparticles 
using HAADF-STEM, and proposed that the oxidation-reduction reactions are mediated 
by the interface between the metal and oxide37. In the investigation, they show that both 
oxidation and reduction of copper nanoparticles occur by a single nucleation event. The 
reaction progresses via diffusion of copper and oxygen along the reaction interface. The 
observation about single nucleation events may or may not be applicable to red-ox 
reactions of bulk copper phases, but the indication that copper and oxygen diffuse over 
appreciable distances (~5nm) is evidence of high diffusivity in the copper/oxygen system. 
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Measurements of the diffusivity of oxygen in solid copper are complicated by the 
high solubility of oxygen in copper, reported as ~80 ppm at 1000 °C38. For this reason, 
potentiostatic measurements of diffusivity are preferred to internal oxidation/deoxidation 
measurements. The seminal work by Pastorek and Rapp using potentiostatic measurements 
separately determined the temperature-dependent solubility and the diffusion coefficient 
for oxygen in copper. The diffusion of oxygen and the formation of copper oxides are 
important factors that affect the wettability of copper on alumina. Enhanced wettability of 
copper on alumina is due to the formation of mixed copper-aluminum oxides. 
 
Figure 1.3.Sessile drop experiment photographs (a) pure copper (b) copper with 1%CuO 
(c) copper with 5% CuO, drop not completely molten (d) copper with 72%CuO, 
reproduced from Chaklader et. al.39 
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1.4. Copper Aluminum Mixed Oxides 
Mixed oxides containing copper and aluminum have been studied due to their 
importance in brazing of alumina components40. The addition of oxygen or copper oxide 
to liquid copper increases the wettability on alumina surfaces, as shown in Figure 1.3, and 
the bond strength of the brazed interface. These increases are attributed to the formation of 
a CuAlO2 phase at the interface between copper and alumina as shown in Figure 1.4. This 
material is known to have excellent wettability on both copper and alumina surfaces41–43. 
The phase stability, crystal structure, and proposed synthesis methods of CuAlO2 will be 
discussed. 
 
Figure 1.4. CuAlO2 film extending from CuAlO2 needle formed at the interface of Cu and 
(0001) sapphire after 2 h at 1000 °C and 32 Pa pO2, reproduced from Scheu et. al. 
41 
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1.4.1. Crystal Structure of CuAlO2 
Stochiometric CuAlO2 is known to adopt the delafossite (CuFeO2) crystal structure, 
consisting of alternating layers of edge-sharing octahedral oxide layers and planar close-
packed metal planes. CuAlO2 has two different polymorphs with similar general structures: 
rhombohedral (R-3m) and hexagonal (P63/mmc) variants differ in the layered stacking 
sequence. The rhombohedral variant has oxygen layers repeating in an FCC-like stacking 
sequence (ABBCCAA), while the hexagonal variant has oxygen layers repeating in an 
HCP-like stacking sequence (AABBAA). The rhombohedral structure is shown 
schematically in Figure 1.5. 
 
Figure 1.5 Crystal structure of rhombohedral CuAlO2, generated from ICDD (00-035-
1401), modeled using BS ver1.80beta 
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The rhombohedral R-3m variant has a unit cell with lattice parameters a=b=2.8567 
Å and c=16.9430 Å, and unit cell angles α=β=90° and γ=120°. The primitive unit cell has 
lattice parameters a=b=2.857 Å, c=5.884 Å, and angles of α=β=75.95° and γ=60°. 
 Copper is in the monovalent state in this crystal structure, and is linearly bonded to 
oxygen atoms above and below. The oxygen atoms compose the edge-sharing, close 
packed octahedra in this structure. Within the close-packed oxygen layers, aluminum 
cations fill all the octahedral interstices and none of the tetrahedral interstices. In the 
rhombohedral variant, the alumina octahedra are all oriented in the same direction, causing 
the oxygen locations to be shifted 1/3 of the unit cell width in the ‘a’ direction for each 
layer. 
1.4.2. Phase Stability of CuAlO2 
The first report of copper-aluminum mixed oxides was in 193244. Misra and 
Chacklader first produced an experimental phase diagram for the copper oxide/aluminum 
oxide system in 196445. Thermodynamic analysis of these materials did not begin until 
1964 in a study by Gadalla and White46 when thermogravimetric analysis was used to 
examine dissocation temperatures and calculate formation energies. In 1975 Jacob and 
Alcock used EMF measurements to calculate enthalpies of formation over a wider range 
of temperatures, and used their data and data from Gadalla and White to produce a 
calculated phase diagram47 shown in Figure 1.6a. Copper-aluminum mixed oxides are 
stable at elevated temperatures and moderate oxidizing environments. Two mixed oxide 
compounds are known to be stable: a delafossite-structure CuAlO2, and a spinel-structured 
CuAl2O4. Both materials are high temperature line compounds; the spinel CuAl2O4 is stable 
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up to 1160°C while the delafossite CuAlO2 is stable up to about 1260°C. The delafossite-
structured CuAlO2 phase is of interest for forming metal-ceramic composites by a 
decomposition reaction into copper and alumina. 
The decomposition behavior of CuAlO2 is complex, and will be influence by the 
temperature and oxygen content near the sample during decomposition. The earliest work 
by Misra and Chaklader generated an experimental phase diagram for the copper-oxygen 
system in ambient atmosphere conditions45. The CuAlO2 line compound was shown to 
decompose during cooling at constant atmospheric pO2 into CuO and CuAl2O4 which form 
around 900°C. Gadalla and White used a thermobalance to analyze the 
dissociation/temperature curves and used the data to generate phase diagrams at various 
oxygen partial pressures46. They indicated that CuAlO2 decomposition produced CuAl2O4 
and Cu2O. Jacob and Alcock used EMF measurements on galvanic cells to determine the 
free energy change for various copper, aluminum, and oxygen phases and generated 
isobaric phase diagrams47. Their phase diagrams also predict a decomposition into CuO 
and CuAl2O4. Other more recent work has used the thermodynamic data of Jacob and 
Alcock to generate oxygen partial pressure phase diagrams48. They predicted in oxidizing, 
isobaric conditions, the CuAlO2 would decompose into CuAl2O4 and Cu2O as temperature 
decreased. Ingram et al., using this data, generated a phase diagram that showed a phase 
boundary between CuAlO2 and Cu/Al2O3, suggesting a direct decomposition at low pO2 
values, shown in Figure 1.6b48. A direct transformation from CuAlO2 to Cu/Al2O3 suggests 
that a phase transformation using a partial reduction reaction could be used to fabricate a 
Cu/Al2O3 metal-ceramic composite.  
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Figure 1.6. (a) Isobaric section of ternary system Cu2O-CuO-Al2O3 at pO2=0.21, 
reproduced from Jacob and Alcock47 (b) Temperature vs. log pO2 phase diagram for the 
Cu-Al-O system at 1atm total pressure. Reproduced from Ingram et. al.48 
(a) 
(b) 
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1.5. Phase Transformations and Reactions 
1.5.1. Partial Reduction Reactions  
One method of producing metal-ceramic composites was detailed by Üstündag in 
partial reduction of nickel-aluminum spinel49. Reduction of nickel spinel at temperatures 
above 1100 °C resulted in composite microstructures consisting of either equiaxed nickel 
particles (20-500 nm in diameter) or rod-like nickel paricles (100 nm by 5 µm) in an 
alumina matrix.  
Early theoretical work was done by Schmalzried, discussing oxygen activity and 
the result of potential gradients on mixed oxides that phase separate or decompose50. Many 
groups have shown that the composite microstructures generated by in-situ reduction can 
be controlled via the reducing atmosphere. In-situ reduction techniques thus far have 
resulted in microstructures that generally consist of metal phases at the boundary or 
dispersed as particles within the ceramic matrix. Üstündag et. al. worked first with the Fe-
Mn-O49,51 and Ni-Al-O49,52 systems, showing that by altering the composition and 
environment during reduction, the microstructure of the resulting composites could be 
controlled. Microstructures generated in this manner include metal-particle reinforced 
ceramics, to ceramic microstructures with thin films of metal at the grain boundary. The 
group examined the fracture toughness of NiAl2O4 spinel and  Ni-Al2O3 composites using 
Vicker’s indentation testing, and qualitatively found significant improvement in the 
toughness of the composite structures compared to the starting spinel49. Figure 1.7 shows 
a micrograph of a nickel-alumina composite produced using the partial reduction scheme. 
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Handwerker et. al showed that alumina-chromia composites can be reduced to form small 
chromium particles which serve to toughen the remaining alumina-chromia composites53. 
 
Figure 1.7. Metal-ceramic microstructure obtained by partial reduction of NiAl2O4 at 
1100 °C for 2 h at an oxygen activity of 10-15.6, reproduced from Subramanian51 
 
One material system has been shown to have an ordered decomposition of the 
starting material, leading to metal fibers and plates with a preferred orientation within the 
remaining ceramic. The aluminum-based delafossite, discussed  in section 1.4.1, has been 
shown to have a layer-like decomposition behavior, which has the potential for an ordered 
metal-ceramic system54,55. This occurs when the oxide is exposed to a reducing 
atmosphere, causing the reduction of copper and the decomposition into copper and 
alumina. The equation for decomposition is shown below, 
2𝐶𝑢𝐴𝑙𝑂2 ⇄ 2𝐶𝑢 + 𝐴𝑙2𝑂3 +
1
2⁄ 𝑂2(𝑔) (1.2) 
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The microstructures of the composites produced from decomposition of the CuAlO2 
include copper nanoparticles in an alumina matrix. At the high temperatures necessary for 
the reduction reactions used, coarsening of the nanoparticles and microstructure is a 
concern. 
1.5.2. Coarsening Reactions 
1.5.2.a. Continuous Coarsening  
 For particles in a matrix, particle growth occurs at elevated temperatures to reduce 
the total interfacial energy by increasing the average grain size, often referred to as Ostwald 
Ripening. The driving force for the particle growth will be proportional to 2γ/Dav where γ 
is the interfacial free energy per unit area and Dav is the average particle diameter
56. Smaller 
particles will shrink as they ‘dissolve’ and transfer their mass to large particles. This 
‘normal’ growth, shown in Figure 1.8, appears as a small distribution of particle sizes, but 
a continuous growth of the average particle size.  
  
Figure 1.8 Microstructures showing continuous coarsening of solid-liquid mixtures 
consisting of Sn-rich particles in a Pb-Sn eutectic liquid at 185 °C for the times indicated, 
reproduced from Hardy and Voorhees57 
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1.5.2.b. Discontinuous Coarsening 
Compared to continuous coarsening, discontinuous coarsening is a moving 
boundary reaction which converts a fine lamellar composite material into a coarser 
microstructure of the same phases. Figure 1.9 shows a schematic of this process, where the 
original grain boundary (OGB) serves as the initiation site of the reaction front (RF), and 
converts the initially fine layering of α and β into a coarse layering of the same phases. The 
reaction involves only compositional redistribution, with the reduction of interfacial energy 
as the primary driving force58. The moving reaction front provides a short-circuit path for 
diffusion of the component species. The change in size of microstructural features is abrupt 
across the interface, as suggested by the description of the reaction. These coarse features 
frequently retain the lamellar geometries but at a much larger scale. 
 Discontinuous coarsening differs from continuous coarsening phenomena in three 
major details: (i) The diffusion path of the constituent species, (ii) the simultaneous 
coarsening of the two phases, and (iii) the need for a migrating interface which provides 
for the short-circuit diffusion pathway59. 
 
Figure 1.9 Schematic diagram of discontinuous coarsening replacing a fine lamellar 
microstructure with a coarser distribution of the same phase mixture, reproduced from 
Manna et. al.59 
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1.6. Statement of Purpose 
Thermodynamic phase diagrams for the Cu-Al-O system predict that single-phase CuAlO2 
would decompose into a copper/alumina mixture. It was hypothesized that the 
decomposition reaction could be used to produce metal-ceramic composites with 
microstructures related to the starting crystal structure. The objective of this study was to 
investigate the decomposition reaction of CuAlO2 and characterize the resulting 
microstructures. The knowledge gained from the decomposition experiment would be 
applied to generating copper complexions in an alumina monolith.  
 
The goal has been achieved by fabricating phase-pure CuAlO2, annealing the monoliths in 
a reducing atmosphere, and characterizing the phase transformation and microstructures 
using imaging and electron diffraction in SEM and High-Angle Annular Dark Field 
(HAADF) STEM. Varying the holding time in the reduction heat treatment produced 
partially reduced samples with a reaction front between the CuAlO2 and Cu/Al2O3 phases. 
This reaction front was studied using HAADF-STEM imaging to elucidate the mechanism 
and rearrangement of atoms during the phase transformation. 
To generate copper complexions in alumina, samples of alumina with a small amount of 
copper (5.0 vol%) additive were annealed in air to produce CuAlO2 films. The samples 
were put through a heat treatment in a reducing atmosphere to decompose the films and 
theoretically leave copper films in the alumina grain boundaries. These boundaries were 
examined using HAADF-STEM and EELS to determine the structure and valence state of 
the segregant atoms in the grain boundaries.  
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2. Experimental Procedure  
A list of samples fabricated for study is provided in Table 2.1 and Table 2.2. A 
description of techniques and materials used in processing of ceramic powders and heat 
treatments necessary for sintering and phase transformations follows.  
Equipment and methods used for characterization techniques such as XRD and 
electron microscopy are described. Details describing parameters for equipment operation 
are described.  
Table 2.1. List of processing methods and heat treatments. 
Sample 
Name 
Composition 
Compaction 
Method 
Sintering 
Method 
Annealing 
Method 
Reduction 
Heat 
Treatment 
C1 
Al2O3-
7.8wt%CuO 
CIP 40ksi 
Box furnace 
1300°C 6hr 
-- -- 
C2 
Al2O3-
7.8wt%CuO 
CIP 40ksi 
Box furnace 
1300°C 6hr 
-- 
M60 furnace 
1000°C 3h 
N2-5%H2 
C3 
Al2O3-
25vol%CuAlO2 
CIP 40ksi 
Box Furnace 
1200°C 6h 
-- -- 
C4 
Al2O3-
25vol%CuAlO2 
CIP 40ksi 
Box Furnace 
1150° 6h 
-- -- 
P1 
~100% CuAlO2 
(Solution 
Processing) 
CIP 40ksi 
Box Furnace 
1100°C 6h 
-- -- 
P2 
~100% CuAlO2 
(Solution 
Processing) 
CIP 40ksi 
Box Furnace 
1100°C 6h 
-- 
M60 furnace 
1000°C 3h 
N2-5%H2 
P3 
~100% CuAlO2 
(Solution 
Processing) 
CIP 40ksi 
Box Furnace 
1200°C 6h 
-- -- 
S1 
Cu2O-
43wt%Al2O3 
Uniaxial 
Press 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
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Table 2.2. Continuation of list of processing methods and heat treatments.  
Sample 
Name 
Composition 
Sintering 
Method 
Annealing 
Method 
Reduction Heat 
Treatment 
Notes 
S2 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 3h N2-
5%H2 
 
S3 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 3h N2-
5%H2 
Dilute 
Nitric 
Acid Bath 
Soak 
S4 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 0h N2-
5%H2 
 
S5 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 5h N2-
5%H2 
 
S6 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 10h N2-
5%H2 
 
S7 
Cu2O-
43wt%Al2O3 
SPS 50MPa 
850°C 25min 
Box 
Furnace 
1150°C 48h 
M60 furnace 
1000°C 24h N2-
5%H2 
 
 
2.1. Solid Oxide doping of Al2O3: 7.8wt%CuO 
2.1.1. Powder Processing Techniques 
To produce an alumina powder doped with 7.8 wt%CuO, 4.68 g CuO (99.9995% 
Fisher Scientific) and 55.32 g α-Al2O3 (99.999%, Sumitomo) were massed out using 
polystyrene antistatic weighing dishes (Fisher Scientific) on an electronic balance. The 
powders were transferred into HDPE bottles (200 mL, Fisher Scientific) for mixing. 
Ethanol (200 proof, supplier) was used to rinse the weighing dishes and ensure the 
complete transfer of the weighing dish contents. Alumina milling balls (99.8%, 3 mm 
diameter, Union Process) were added to fill about a third of the volume of the bottle. 
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Ethanol (200 proof) was then used to fill the bottle two-thirds full. The bottles were then 
placed on a jar mill and milled at ~120 rpm for 12 hours. After milling, the contents of the 
bottle were poured into a PTFE jar (400 mL, Savillex). The bottles were rinsed with 200 
proof ethanol and poured into the PTFE jar to transfer the full contents. The PTFE jar was 
placed on a combination stir plate, heated to 150 ºC and stirred at 60 Hz while drying. Once 
dry, the contents of the jars were transferred to a mortar and pestle and ground to reduce 
the agglomerate size. The powders were then ready for heat treatments. 
2.1.2. Press and Sinter Technique 
Custom pressing dies were fabricated from A36 Tool Steel with an internal 
diameter of 13 mm. About 6 grams of the doped ceramic powder was added to the 
assembled die. A tool steel punch was then placed in the die, and pressed by hand to begin 
compaction. A hydraulic press (Carver Inc) was then used to press the ceramic powder 
using a maximum force of 20,000 lbs-f. The compacted ceramic pellets were then pressed 
out of the die. The tool steel die components were then cleaned using ethanol in an 
ultrasonic cleaner to remove any debris and ceramic powder. 
The ceramic pellets were further compacted using a cold-isostatic press (CIP) 
(Fluitron Inc, Ivyland PA). The pellets were placed in a latex bag and vacuum sealed to 
prevent contamination by the hydraulic oil. The bag was pressed using a hydrostatic load 
of 40 ksi for 25 min. The sample was then removed from the bag and heat treated as 
appropriate. 
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2.1.3. Sintering Heat Treatment 
     To sinter the Cu-Al2O3 pellets, an anneal in an oxidizing atmosphere was used. 
A Rapid Temp box furnace (CM Inc, Bloomfield, NJ) was used for these heat treatments. 
Samples were contained in alumina crucibles (99.8%, CoorsTek) and packed with high-
purity alumina (99.999%, AKP-HP, Sumitomo Inc) as insulating powder. 
The furnace was heated at a rate of 5 ºC/min up to the hold temperature of 1300 ºC. Samples 
were held at 1300 ºC for 6 h and cooled at a rate of 5 ºC/min back down to room 
temperature.  
2.1.4. Reduction Heat Treatment 
Reduction heat treatments on Cu-Al2O3 samples were performed using an M60 
vacuum furnace (Centorr Vacuum Industries, Nashua, NH). Samples were again contained 
in alumina crucibles and packed with high purity alumina to prevent sample contamination. 
The furnace was evacuated to 25 mtorr using a rotary roughing pump. The chamber was 
backfilled using pure N2 (99.9%, Airgas) to 760 torr. The furnace was then heated at a rate 
of 20ºCmin-1 to the hold temperature of 1000 ºC. The process gas (N2-5%H2, Airgas) was 
added to the chamber during heating at a flow rate of X cm3/min. The pressure of the 
vacuum chamber was maintained at 770 torr using a pressure relief valve.  
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2.2. Solution Processing of CuAlO2  
2.2.1. Solution Mixing and Drying  
A new synthesis technique to produce CuAlO2 powders was developed at Lehigh 
to allow for doping of alumina samples, as well as provide standards for XRD and future 
reduction experiments. A significant number of papers about synthesis of CuAlO2 thin 
films have been published, but most are not suitable for producing powders on the bulk 
scale. 
The following procedure was used to produce delafossite-structured CuAlO2 in lab-
scale quantities: 
PTFE jars were cleaned according to the procedure listed in Appendix 1. Copper 
(II) acetate (Cu(OCH3CO2)2, 99.995%, MV Laboratories, Frenchtown NJ) was massed out 
to 36.74 g, while aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, 99.999%, Alfa Aesar) 
was massed out to 69.04 g. These values correspond to a 1:1 molar ratio of copper to 
aluminum. The powders were poured into the PTFE jar, and 800 mL of 200 proof ethanol 
was added to the jar to dissolve the salts. A PTFE covered magnetic stir bar (Fisher) was 
added to the solution, and the jar was placed on a stir-enabled hot plate and mixed, covered, 
for 24 hours at 60 °C. 
After the solution was homogenized, the jar was connected to a diaphragm vacuum 
pump and ‘cold finger trap’ as illustrated in Figure 2.1. This allowed a vacuum to be 
produced in the jar, increasing the rate of drying. The cold finger allowed ethanol to be 
collected before passing through the vacuum pump. After the jar was under vacuum, the 
cold trap was filled with solidified CO2 (Airgas), and the hot plate set to maintain a 
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temperature of 140 °C.  The solution was allowed to evaporate in this manner for 18 hours. 
The dried powder contained organic compounds that would need to be calcined before 
heating to conversion. 
 
Figure 2.1. Schematic diagram showing vacuum drying setup for solution processed 
CuAlO2 precursor solutions. 
 
The powder was calcined in an open-ended tube furnace under flowing ‘dry air’ 
(Airgas), shown schematically in Figure 2.2. The furnace was set to hold at two different 
temperatures, according to the temperature profile in Figure 2.2. The 150 °C hold is 
designed to decompose the aluminum nitrate and drive off the nitrate complex. The 450 °C 
hold is designed to decompose and evaporate off the acetate complex. After calcining, the 
powder was ground with an alumina mortar and pestle (Alfa Aesar). 
The calcined powder was then annealed to convert it into rhombohedral CuAlO2. 
The calcined powder was placed in an alumina crucible (99.8%, CoorsTek, CO), covered 
with an alumina cap, and placed in a box furnace (Centorr). The calcined powder was then 
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annealed in ambient air for 24 hours at 1100 °C. After annealing, the powder was again 
finely ground using an alumina mortar and pestle.  
 
Figure 2.2. (a)Schematic diagram showing calcination furnace setup for CuAlO
2
 
precursor powders. Dry air follows flow lines over the powder and out the exhaust at top. 
(b) Plot of furnace set temperature during calcination heat treatment of CuAlO
2
 precursor 
powder. 
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2.2.2. Preparing ceramic pellets of CuAlO2 by press and sinter techniques 
Traditional press and sinter processes were used for sintering of CuAlO2. The 
powder was compacted using the same method as described in 2.1.3. After compaction, the 
pellets were placed in an alumina crucible and packed with insulting Al2O3 powder. The 
crucible was placed in a box furnace (CM Inc, Bloomfield, NJ) and annealed at either 1100 
°C or 1200 °C for 6 h. After firing, samples were removed from the alumina, mounted in 
epoxy, and polished in preparation for analysis. The metallography techniques used will 
be discussed in section 2.5. 
2.3. Doping of Al2O3 with 25vol% CuAlO2 
Samples with a targeted composition of alumina with 25 vol% CuAlO2 were 
fabricated using commercially available Al2O3 (Sumitomo AKP-HP, Japan) and CuAlO2 
synthesized as described in section 2.2. The powders were weighed out on a digital balance 
using polystyrene weighting dishes to amounts of 7.314 g CuAlO2 and 21.93 g Al2O3. The 
powders were transferred into HDPE bottles (200 mL, Fisher Scientific) for mixing. 
Ethanol (200 proof, supplier) was used to rinse the weighing dishes and ensure the 
complete transfer of the weighing dish contents. Alumina milling balls (99.8%, 3 mm 
diameter, Union Process) were added to fill about a third of the volume of the bottle. 
Ethanol (200 proof) was then used to fill the bottle two-thirds full. The bottles were then 
placed on a jar mill and milled at ~120 rpm for 12 hours. After milling, the contents of the 
bottle were poured into a PTFE jar (400 mL, Savillex). The milling bottles were rinsed 
with 200 proof ethanol and poured into the PTFE jar to transfer the full contents. The PTFE 
jars was placed on a combination stir plate, heated to 150 ºC and stirred at 60 Hz while 
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drying. Once dry, the contents of the jars were transferred to a mortar and pestle and ground 
to reduce the agglomerate size. The powders were then ready for heat treatments. 
2.4. SPS-Anneal Process for Dense CuAlO2  
2.4.1. Spark Plasma Sintering Technique 
A mixture of 57 wt% Cu2O and Al2O3 was prepared as described in section 2.1.1 
and used as a precursor powder to fabricate fully dense CuAlO2 samples. 
For the SPS furnace, graphite hot press dies (99.8%, Thermal Technologies) were 
used to hold the appropriate ceramic powder. A graphite foil (98%, Fisher Scientific) liner 
was fabricated by cutting the foil to appropriate geometries and placing the foil within the 
die. Five grams of ceramic powder were massed out and transferred to the foil-lined 
graphite die. The dies were gently tapped to initially compact the powders. The top graphite 
punch was placed in the die and pressed by hand to ensure a fit and compress the powders. 
The powders were further compacted using a hydraulic press (Carver Inc) and were pressed 
to a pre-load of 5,000 lbs-f. 
 The SPS furnace system uses a hydraulic system to compress the powder, and a 
pulsed AC current to resistively heat the powder and die. Sample temperature was 
monitored using a built-in optical pyrometer.  
 The graphite die was placed in the hydraulic press and aligned with the optical 
pyrometer. A pre-load of 10 MPa was used to ensure contact of the graphite die with the 
contained ceramic powder. The SPS chamber was pumped to a vacuum of 10-5 torr using 
a sequential combination of rotary roughing pump and oil diffusion pump. Once the 
chamber was under vacuum, current was applied to heat the sample and pressure applied 
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to the die according to a firing schedule described in Figure 2-3. A 30 min de-gassing step 
was used to ensure the particle surfaces were free of adsorbed gases and contamination. 
The sintering hold temperature was monitored and controlled using the optical pyrometer 
aimed at a thin section of the graphite die near the sample. After cooling, the densified 
ceramic monolith was removed from the die. The outer edges of the ceramic monolith, 
contaminated with carbon from the foil, were removed using a high-speed cutoff wheel 
with a diamond blade. 
2.4.2. Conversion Heat Treatment  
To convert the Cu-Al2O3 monoliths to CuAlO2, an anneal in an oxidizing 
atmosphere was used. A Rapid Temp box furnace (CM Inc, Bloomfield, NJ) was used for 
these heat treatments. Samples were contained in alumina crucibles (99.8%, CoorsTek) and 
packed with high-purity alumina (99.999%, AKP-HP, Sumitomo Inc.) as insulating 
powder. The furnace was heated at a rate of 5ºC/min up to the hold temperature of 1100 
ºC. Samples were held at 1100 ºC for 24 h or 48 h and cooled at a rate of 5 ºC/min back 
down to room temperature 
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Figure 2.3. Plot showing example temperature profile and corresponding applied pressure 
profile for SPS runs. 
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2.4.3. Reduction Heat Treatment  
Reduction heat treatments on CuAlO2 samples were performed using an M60 
vacuum furnace (Centorr Vacuum Industries, Nashua, NH). Samples were again contained 
in alumina crucibles and packed with high purity alumina to prevent sample contamination. 
The furnace was evacuated to 25 mtorr using a rotary roughing pump. The chamber was 
backfilled using pure N2 (99.9%, Airgas) to 760 torr. The furnace was then heated at a rate 
of 20 ºCmin-1 to the hold temperature of 1000 ºC. The process gas (N2-5%H2, Airgas) was 
added to the chamber during heating a flow rate of X cm3min-1. The pressure of the vacuum 
chamber was maintained at 770 torr using a pressure relief valve.  
2.5. Metallographic sample preparation 
Bulk ceramic samples were prepared for electron microscopy studies using 
standard metallographic preparation techniques. Samples were mounted in a 2-part epoxy 
resin. The samples were sequentially ground using an Abrapol automatic polisher (Struers), 
starting with 240 grit SiC paper to plane the samples, then progressing to 320, 400, 600, 
800, and 1200 grit SiC papers. Polishing was performed using a Saphir 550 (ATM 
Advanced Metallography) automatic polisher, starting with 1 µm diamond suspension and 
progressing to ¼ µm diamond suspension. Final polishing was performed on a Vibromet I 
vibratory polisher (Buehler) using a 50 nm colloidal silica suspension. After polishing, 
samples were cleaned in an ultrasonic bath with 200 proof ethanol.  
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2.6. Electron Microscopy Techniques 
 Electron and ion microscopy techniques were used to characterize the micro-and-
nanostructures of samples. Standard operation conditions for microscopes used are listed 
below. 
 A Hitachi 4300SE/N was used for secondary electron (SE) and back-scattered 
electron (BSE) imaging techniques. The accelerating voltage was set to 20 kV for general 
imaging, or 5 kV when examining surface features. Condenser lens setting 6 was preferred 
to maintain a high beam current. A 50µm aperture was used to limit probe size. 
 X-ray Energy Dispersive Spectrometry (XEDS) and Electron Back-Scattered 
Diffraction (EBSD) analysis was performed on the Hitachi 4300SE/N at accelerating 
voltages of 20 kV. Condenser lens setting 2 and a 100µm aperture were used to increase 
the beam current reaching the sample surface. An Apollo XL EDS system (EDAX) was 
used for X-ray detection for EDS in conjunction with EDAX Genesis software. A Hikari 
TSL camera (EDAX) was used for collecting EBSD patterns. EDAX OIM 6.0 software 
was used for collecting and analyzing EBSD data. 
 TEM samples were prepared from bulk samples using an FEI Scios focused ion-
beam instrument. The 30 kV gallium ion beam was used to trench, clean, cut, and thin a 
TEM wedge. The wedge was attached to a molybdenum Omniprobe TEM grid using an 
in-situ sample extraction technique, and thinned to electron transparency. Additional 
sample surface cleaning was performed using the 5 kV gallium ion beam to remove the 
amorphous damage layer caused by the 30 kV gallium ions. 
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 After thinning, the TEM samples underwent final milling on a Fishione Nanomill. 
Both sides of the TEM sample were milled with the argon ion beam operated at 900 V 
accelerating voltage for 4 minutes to remove the amorphous damage layer from the 5 kV 
gallium ions. Afterwards, both sides were final milled with the 500 V argon ion beam for 
3 minutes to remove the amorphous damage layer from the 900 V beam. The sample was 
then ready for TEM characterization. 
 Transmission Electron Microscopy (TEM) imaging and electron diffraction 
analysis was performed on a 200 kV Jeol 2000FX S/TEM with a tungsten electron source. 
Convergent Beam Electron Diffraction (CBED) was used to navigate reciprocal space and 
orient samples to particular zone axes. Selected Area Electron Diffraction (SAED) patterns 
were obtained from samples on major zone axes.  
 Automated Crystal Orientation Mapping (ACOM) was performed using the 
Precession Electron Diffraction (PED) technique at the SIMAP/GPM2 laboratory in 
Grenoble, France. An FEI Tecnai G2 F20 S-Twin FEG (S)TEM was operated at 200 kV. 
A quasi-parallel probe 4 nm in diameter was used to scan the sample, with a convergence 
angle of 0.4 mrad. The conceptual details of the precession electron diffraction technique 
are described by Vincent and Midgley60. 
 Scanning Transmission Electron Microscopy (S/TEM) imaging was performed 
using a Jeol JEM-ARM200CF, an atomic resolution transmission electron microscope 
operated at 200 kV. An aberration corrector for probe formation above the sample allows 
the focusing of uniform beam currents at high resolution. High Angle Annular Dark Field 
(HAADF) images were used to examine the reaction front in CuAlO2, looking at the 
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positions of copper and aluminum atoms.  HAADF imaging is atomic number sensitive61, 
with higher atomic number (Z) elements such as copper contributing a stronger and thus, 
brighter signal than lower Z elements like aluminum.  
2.7. X-Ray Diffraction (XRD) Analysis Techniques 
X-ray diffraction (XRD) was performed using a Miniflex benchtop XRD unit 
(Rigaku Inc.)  with a copper x-ray source. A silicon powder standard (640b, NIST, 
Gaithersburg, Md) was used to calibrate the XRD using the silicon (220) peak at 47.303°. 
Experimental powder samples were ground using an alumina mortar and pestle, loaded into 
an aluminum powder sample holder, then levelled and compacted using a glass microscope 
slide. The 2θ measurement angle was incremented in 0.02° steps, with a dwell time of 8 s 
per step. Measurements started at 20° and stopped at 70°, resulting in a scan duration of 
about 5.5 h. Peak location analysis was performed using Microsoft Excel software and 
compared to accepted standards in the International Centre for Diffraction Data (ICDD) 
catalogue. 
Higher resolution XRD scans were performed using an Empyrean XRD unit 
(PANalytical, Almelo, Netherlands) with a copper x-ray source. A silicon standard was 
used for calibration as described above. A continuous scan was run with a 2θ increment of 
0.00335°sec-1 from 42° to 50°. 
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3. Al-Cu-O System: Processing and Microstructure 
 To experiment with the transformation of CuAlO2 to Cu/Al2O3 composites, 
exploratory studies were performed to produce and study small amounts of CuAlO2 using 
various processing techniques, with the resulting microstructures described here. A proof 
of concept experiment using a mixture of solid oxide Cu2O and Al2O3 produced CuAlO2 
which decomposed into a metal-ceramic microstructure of interest. A solution processing 
method of producing CuAlO2 was developed, and the CuAlO2 powder was sintered using 
traditional press and sinter techniques. Poor densification required a different approach to 
produce dense CuAlO2 monoliths. A technique from the literature was used to produce 
near-full density CuAlO2 monoliths. These fully dense samples were characterized to 
document the microstructure before testing reduction experiments. 
3.1. Solid Oxide Mixing of CuO and Al2O3 
The first investigation of mixed oxides in the Cu-Al2O3 system examined the effect 
of annealing atmosphere on alumina doped with 5.0vol% copper in the form of CuO. These 
samples were pressed and sintered at high temperature to densify the alumina in the 
structures.  
3.1.1. 5.0vol% Cu-Al2O3 
Solid oxide mixing of CuO and Al2O3 was used to produce ceramic powders with 
a composition of 7.8wt.%CuO as described in section 2.1.1, and pressed and sintered as 
described in section 2.1.3 at 1300°C to densify the predominantly alumina microstructures. 
After sintering in ambient air in the box furnace, the samples were polished and examined 
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using an SEM. Figure 3.1a shows a representative BSE image of the microstructure after 
sintering at 1300°C for 6h. The sample has not densified completely, so large pockets of 
porosity are evident. Three distinct phases are evident in the microstructure. Figure 3.1b 
shows a region delineated in Figure 3.1a at higher magnification. The three phases are 
present, and were labelled using EDS analysis. Figure 3.2 shows the BSE image with 
phases qualitatively identified with EDS spectra.  In addition to the ‘pure’ alumina that was 
expected, two copper-containing phases were observed to exist; an unreacted ‘copper 
oxide’ which contained little-to-no aluminum and a mixed oxide that was aluminum-rich. 
The majority of the copper-containing phases appear to be the copper oxide, indicating the 
phase transformation to form the mixed oxide is either a slow process, or occurred during 
cooling. The latter hypothesis is supported by the Cu2O-Al2O3 pseudobinary phase diagram 
showing that the highest temperature mixed oxide (CuAlO2) is only stable up to 1201°C. 
The system was sintered at 1300°C and consisted of a copper-rich liquid and alumina 
phases, which would react and solidify as the temperature dropped below 1201°C during 
cooling. XRD was used to identify the phases present in the sample.  
Figure 3.3 shows an XRD spectra for the Al2O3-5vol%Cu sample sintered in air at 
1300°C. α-Al2O3 (00-046-1212) and CuAl2O4 (ICDD 00-033-0448) peaks are identified 
due to unique peak locations. CuAlO2 (ICDD 00-035-1401) and Cu2O (ICDD 00-005-
0667) are also possibly present, but overlapping peaks makes confirming the phases 
difficult. Future runs would use lower temperatures to prevent phase separation during 
melting, and longer hold times to allow time for the system to equilibrate, making analysis 
more accurate.  
 40 
 
 
 
Figure 3.1. (a) BSE micrograph showing microstructure of Al2O3-7.8wt%CuO sample 
after sintering in air at 1300°C for 6h. Two different copper-rich phases are indicated. (b) 
Higher magnification image of a region containing both copper-rich phases. The mixed 
oxide phase forms from reaction of the Cu2O with Al2O3, indicated.  
50 µm 
10 µm 
Cu
2
O + Al
2
O
3
 
CuAl
X
O
Y
 + Al
2
O
3
 
Al
2
O
3
 
CuAl
X
O
Y
 
Cu
2
O 
(a) 
(b) 
 41 
 
 
Figure 3.2. (a) BSE micrograph showing microstructure of Al2O3-7.8wt%CuO sample 
after sintering in air at 1300°C for 6h. (b-d) EDS spectra obtained from regions indicated 
in a. 
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Figure 3.3. XRD spectra collected from Al2O3-5vol%Cu sintered in air at 1300°C for 6h. Candidate phases are listed, selected from 
possible phases based on EDS spectra. 
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The appearance of the mixed oxide in Figure 3.1b suggests excellent wettability on 
α-Al2O3 grains. The wettability and large difference in melting temperature between 
CuAlO2 and Al2O3 suggests that the system may benefit from liquid phase sintering using 
the copper-rich liquid, but the incongruous melting of CuAlO2 on the phase diagram 
suggests that this would more likely lead to phase separation. This separation would further 
compound the difficulties associated with conversion of copper and alumina into the 
delafossite-structured CuAlO2. 
The kinetics of the transformation to CuAlO2 are reported in the literature to be 
slow. The micrographs in Figure 3.1 support this, as much of the copper oxide did not 
transform into the mixed oxide phase during cooling. Phase separation and porosity 
increase the distance that elements must diffuse across for the reaction to proceed, 
decreasing the rate of transformation further. A microstructure optimized for 
transformation into the mixed oxide should consist of a fully dense structure with a fine 
mixture of the component phases. This information will be used to plan later heat 
treatments. 
The samples described above, sintered in air, contained microstructures with 
several oxide and mixed oxide constituents. To determine if any of these mixed oxides 
decompose into interesting or useful composite microstructures, the samples sintered in air 
were put through a reduction heat treatment to decompose and partially reduce the 
microstructures to copper and alumina.   
The reduction heat treatment was carried out in a vacuum furnace with a process 
gas of N2-5%H2. Samples were held at 1000°C for 3 hours. Figure 3.4a is a BSE image 
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showing the appearance of the copper and alumina phases in one representative region of 
the sample. Two different types of copper microstructures are observed in the 
microstructure. One region consists of large, bulk copper regions that are the same scale as 
the surrounding alumina grains. The second region appears to have a significantly finer 
microstructure than the adjacent alumina grains. Figure 3.4b shows these fine copper-
alumina regions at higher magnification. The finer alumina particles appear to order 
between the fine layers of copper. These two different microstructures were hypothesized 
to be related to the two different copper-containing phases in the oxidized state. The 
relatively smaller number of fine-grained regions suggest that these regions formed from 
the mixed oxide phase rather than the copper oxide phase. 
The mixed oxide described earlier was hypothesized to be the delafossite-structured 
CuAlO2 phase. Under reducing conditions, the phase is expected to decompose into 
metallic copper and alumina according to the chemical reaction,  
2𝐶𝑢𝐴𝑙𝑂2 → 2 𝐶𝑢 + 𝐴𝑙2𝑂3 +
1
2⁄ 𝑂2(𝑔) (3.1) 
After reduction, these decomposed grains have microstructures reminiscent of 
metal-ceramic composites.  The decomposition behavior is also intriguing, and could be 
useful as a way to produce metal-ceramic composites from a starting mixed oxide. This 
could introduce the opportunity to tailor metal-ceramic composite microstructures by 
adjusting parameters such as grain size, temperature, and reduction atmosphere. 
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Figure 3.4. (a) BSE micrograph showing microstructure of Al2O3-7.8wt%CuO sample 
after sintering in air at 1300°C for 6h and subsequent reduction at 1000°C for 3h in N2-
5%H2 process gas. Copper is found two different types of geometry indicated, 
hypothesized to be related to the starting phase. (b) Higher magnification image showing 
structure of copper-alumina phases decomposed from the CuAlO2
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Figure 3.5. XRD spectra collected from solution processed CuAlO2 powder after calcination and conversion heat treatments.  Peaks 
are identified as delafossite-structured CuAlO2 with small amounts of CuAl2O4 impurity. 
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3.2. Solution Processed CuAlO2 
 The appearance of the copper/alumina composite microstructures produced by 
decomposition of CuAlO2 motivated an investigation into the decomposition behavior of 
bulk CuAlO2. A fully dense monolith of CuAlO2 was desired to determine what kind of 
composite microstructures could be produced from the fully dense ceramic. The small 
amount of CuAlO2 relative to the Cu2O phase indicated that solid oxide reactions were 
very slow. To circumvent the slow reaction kinetics, a solution processing method was 
used to produce pure CuAlO2 powders, described in section 2.2. These powders were 
compacted and sintered in an attempt to produce monolithic CuAlO2. 
3.2.1. XRD Analysis of CuAlO2 powders 
The solution-processed powder produced in section 2.2 was characterized using 
XRD analysis to identify phases present in the powder. Figure 3.5 shows the results of the 
XRD scan. Peak identification indicated the powder is primarily rhombohedral CuAlO2 
(ICDD 00-035-1401) with a small amount of cubic Cu2O (ICDD 00-005-0667) impurity.  
3.2.2. Press and Sintering of Solution-Processed CuAlO2 
3.2.2.a. As sintered microstructure  
The CuAlO2 powder made from the solution processing method was used to 
fabricate a dense monolith of CuAlO2. The powder was compacted in a CIP at 40ksi and 
sintered in a box furnace at either 1100°C or 1200°C for 48 hours. The sintered sample was 
sectioned, polished, and the microstructure examined using the SEM.  
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Figure 3.6a shows a representative SE image of the CuAlO2 powder sintered at 
1100°C for 48h. Significant porosity is visible in the sample, indicating that longer times 
or higher temperatures are necessary for densification. Figure 3.6b shows the BSE image 
from the same region. The porosity is more evident in this image, as is the presence of a 
darker second phase. EDS was used to identify the CuAlO2 as the primary phase and Al2O3 
as the secondary phase. The presence of the alumina phase was not expected, given that 
the starting powder was believed to be copper-rich. Examination of the alumina crucible 
and alumina packing powder after sintering of the CuAlO2 pellet indicated a brownish hue 
to the powder and crucible. It is believed that copper had diffused out of the CuAlO2 pellet 
and into the powder and crucible, explaining the copper-deficient observed microstructures 
Figure 3.7a shows a representative SE image of the sample fired at 1200°C. The 
density of the sample appears much higher, but the sample appears to have phase separated 
into its constituent oxides. Figure 3.7b shows the BSE image of the same area, confirming 
the presence of at least 4 phases present in the microstructure. Based on the phase diagram 
and EDS spectra collected from these regions, it is predicted that Cu2O, CuAlO2, CuAl2O4, 
and Al2O3 are all present in the sample. The melting temperature of CuAlO2 is reported to 
be ~1250°C according to published phase diagrams, above which the structure is predicted 
to incongruously melt into a copper-rich liquid and solidified alumina. The observed phase 
separation and presumed copper-rich melt likely occurred due to the eutectic point at 
~1130°C in the copper-rich phase field. The presence of copper-rich liquid during sintering 
could explain the high density of the sample. The mixed oxide phases are found at some of 
the interfaces between the copper-rich phase and the alumina. It is hypothesized that these 
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phases nucleated during the cooling of the sample. This would explain the presence of 
high-temperature (CuAlO2) and lower-temperature (CuAl2O4) phases. Alternatively, the 
presence of both CuAlO2 and CuAl2O4 may be related to the growth of the different oxides 
on different alumina planes62.  
Raising the temperature enhanced the densification of the samples, but resulted in 
undesirable phase separation. Future experiments would be sintered and annealed below 
1200°C to prevent the phase separation. Samples sintered in the 1100°C heat treatment 
were used to study the decomposition behavior of CuAlO2 due to the phase composition 
of the samples.    
3.2.2.b. Microstructure after Reduction Heat Treatment 
The samples of CuAlO2 sintered at 1100°C were exposed to a subsequent reduction 
heat treatment at 1000°C for 3h to study the microstructures produced during 
decomposition of the CuAlO2 phase. Figure 3.8a shows a representative BSE micrograph 
of the resulting composite structure. The CuAlO2 microstructure has decomposed into a 
metal-ceramic composite. The grain structure of these composites matched the CuAlO2 
grain structure, so the decomposition products of individual CuAlO2 grains were be 
observed. After decomposition, the CuAlO2 grains consisted of an intimate mixture of 
copper-alumina phases. Figure 3.8c shows these microstructures at higher magnification. 
One side contains a random arrangement of coarse alumina particles in a copper matrix. 
The other microstructure appears as an ordered, layered microstructure consisting of 
copper lamella between layers of alumina. Within these alumina layers, small copper 
particles are observed, indicating the alumina phase is a composite material.  
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Figure 3.6. (a) SE micrograph showing degree of densification of CuAlO2 powder after 
sintering in air at 1100°C for 48h. Significant porosity remains in the microstructure. (b) 
BSE image showing distribution of primary CuAlO2, secondary Al2O3 phases, and 
porosity. 
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Figure 3.7. (a) SE micrograph showing microstructures observed after sintering CuAlO2 
powder in air at 1200°C for 48h. (b) BSE image of same region, identifying phases 
present using qualitative EDS. 
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Figure 3.8. (a) SE micrograph showing representative microstructure of powder-
processed CuAlO2 after sintering and reduction heat treatment at 1000°C for 3h in N2-
5%H2 process gas. Microstructure consists of copper/alumina composites with excess 
copper at grain boundaries. (b) SE image of composite region showing both globular and 
lamellar regions. (c) Higher magnification BSE image of area containing globular and 
lamellar composite microstructures. 
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Another feature of interest in this sample is the porosity adjacent to the copper 
lamella. This porosity is hypothesized to be related to the volume change during the phase 
transformation decomposition. The geometry of the copper near the porosity also shows 
that the copper has rather poor wettability on the alumina composites. This is consistent 
with reported observations of Cu-Al2O3 sessile drops on alumina interfaces in low-pO2 
atmospheres. It was speculated that the poor wettability also may explain why such a large 
amount of copper may be found at the grain boundary. The copper-alumina interfacial area 
could be limited by accumulating thick copper films and bulk phases at the grain 
boundaries and in inherent porosity from the initial densification. 
The composite structures observed during reduction of the CuAlO2 suggest the 
possibility of an organized metal-ceramic composite based on observations of the copper 
lamella. The initial porosity from incomplete sintering makes the resulting composite 
samples unsuitable for mechanical testing, and likely affects the diffusion rates of elements 
in the composite. To produce fully dense CuAlO2 starting microstructures in reasonable 
timeframes, other methods of preparation were investigated. 
3.3. Solid Oxide Mixing of CuAlO2 and Al2O3 
3.3.1. 25vol% CuAlO2-Al2O3  
The CuAlO2 powder produced using the solution processing method was used as 
an additive in α-Al2O3 to attempt to infiltrate a copper-containing phase into the alumina 
grain boundaries. The CIPed pellets were sintered in a box furnace at 1150°C or 1200°C 
for 6 or 12 hours. 
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Figure 3.9. (a) BSE micrograph showing result of sintering Al2O3-25vol%CuAlO2 
powders at 1150°C for 6h. Significant porosity remains in the Al2O3 region, indicating 
incomplete sintering. (b) BSE micrograph showing CuAlO2 grain boundary films in 
Al2O3 after sintering at 1200°C for 6h. 
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The excellent wettability of CuAlO2 on Al2O3 was confirmed in this set of 
experiments. Regions of locally dense CuAlO2 contained many alumina grains, which 
showed evidence of a brighter phase in the grain boundary during BSE imaging. This 
confirms that it is possible to infiltrate a copper phase into the boundary, but different 
processing methods will be necessary to produce a fully dense microstructure. This 
information will be used further in Chapter 5. 
Figure 3.9a shows a representative BSE micrograph of CuAlO2 in the alumina 
matrix. The alumina matrix is only about 60% dense, resulting in a substantial amount of 
porosity. This indicates higher temperatures are needed to fully densify the microstructure, 
as have been reported by various sources. Alternative methods of fabricating these 
microstructures will be needed:  Pressure-less sintering cannot be performed at higher 
temperatures because the CuAlO2 phase will incongruously melt and phase separate 
according to the phase diagram. Simultaneously, the current temperatures are insufficient 
to fully densify α-Al2O3 in a reasonable timeframe.  
3.4. SPS-Anneal Processed CuAlO2 
3.4.1. SEM Analysis of CuAlO2 microstructures 
Fabrication of CuAlO2 powder and thin films are reported in various publications, 
but few articles discuss processing to produce fully dense, bulk CuAlO2. Yanagiya reported 
a method wherein a stochiometric CuO-Al2O3 mixture was sintered via SPS technique to 
fully density, and subsequently annealed at high temperature to convert to CuAlO2
63. 
CuAlO2 samples were produced using this method, described in detail in section 2.4. The 
microstructure of the samples was examined using SEM techniques after each step in the 
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process. Figure 3.10 shows a BSE image of the microstructure after sintering in the SPS 
furnace. The lower temperature sintering process retains a fine mixture of Cu and Al2O3, 
unlike the microstructures observed in Figure 3.7. Figure Fb shows a higher magnification 
BSE image showing the size of the copper and alumina phases. Very little porosity is 
evident in these microstructures. The high starting density was important for producing a 
fully dense mixed oxide sample. An additional high-temperature anneal was necessary to 
convert this starting microstructure into the CuAlO2 phase. 
 
Figure 3.10. BSE micrograph showing microstructure of Cu2O-43wt%Al2O3 after 
sintering in SPS furnace for 25min at 850°C using 50MPa applied load. Sample density is 
98%, and a fine distribution of constituents is maintained. 
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Figure 3.11. (a) BSE micrograph showing result of SPS sintered Cu2O-43wt%Al2O3 after 
annealing in air at 1150°C for 48h. (b) higher magnification BSE image showing 
appearance of Cu2O second phases present at grain boundaries and triple points.  
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Figure 3.12. XRD spectra collected from SPS-anneal processed samples after sintering and annealing heat treatments. Peaks are 
identified as delafossite-structured CuAlO2 with small amounts of CuAl2O4 impurity. 
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After the high temperature anneal at 1100°C to convert to CuAlO2, the samples 
were sectioned and characterized with an SEM. Figure 3.11 shows a BSE image of the 
microstructure after annealing. The microstructure has a high density, approaching 95% in 
regions, with scattered, isolated porosity. The BSE image also shows the microstructure 
consists of a primary phase with small amount of secondary phase at triple points. EDS 
indicated the primary phase is a copper-aluminum oxide, while the secondary phase is a 
copper oxide. The structure of these phases was identified with XRD. Figure 3.12 shows 
the results of an XRD scan for the stochiometric sample after the anneal at 1100°C. The 
results are similar to the solution-processed powders from Figure 3.5, as the spectra 
matches well to rhombohedral CuAlO2 (ICDD 00-035-1401) with a small amount of cubic 
Cu2O (ICDD 00-005-0667) impurity. The microstructure of these samples was investigated 
using EBSD. 
3.4.2. EBSD Characterization 
EBSD analysis was performed on the dense CuAlO2 samples produced using the 
SPS-anneal process. Inverse Pole Figure (IPF) maps were generated from the indexed 
points. Figure 3.13 shows a representative IPF maps for the dense CuAlO2 microstructures. 
Many grains appear to be elongated in one direction, displaying a platelet-like geometry. 
These elongated platelets frequently have crystal twins parallel to this elongated axis. Twin 
boundaries in the CuAlO2 have been reported to occur along the (0001) basal plane
64. To 
investigate the twin boundaries, a TEM sample of the CuAlO2 was fabricated using FIB 
methods and examined using STEM. A TEM sample was fabricated from the bulk CuAlO2. 
The sample taken was oriented perpendicular to the basal plane. Figure 3.14a shows a BF 
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TEM image of the sample consisting of a single CuAlO2 grain. Several bands of contrast, 
twin boundaries, are visible on the sample.  Figure 3.14b shows the zone axis pattern 
corresponding to Figure 3.14a. The bands were confirmed to be defects (twin boundaries) 
by tilting the sample to an alternate zone axis where the defect is ‘out of contrast’ according 
to the g•R=0 condition. Figure 3.14c shows the tilt condition where the twin boundary / 
stacking faults are not visible. Figure 3.14d shows the diffraction pattern associated with 
the g•R=0 condition. The origin of these stacking faults was investigated using STEM 
imaging to attain atomic resolution images of the crystal structure. Figure 3.15 shows a 
HAADF-STEM image of the CuAlO2 lattice. The alternating planes of Cu and Al atomic 
columns are visible, and the bottom region of the image shows a stacking fault-free region. 
Near the top of the image, three stacking faults are observed and indicated with arrows. 
The orientation of the alumina octahedra planes changes, effectively forming a mirror plane 
centered on one of the layers of copper atoms. The dotted line schematically shows the 
orientation of the alumina octahedra across the stacking faults.   
Atomic resolution imaging of the CuAlO2 structure in the current study showed the 
stacking faults occurred across copper layers in the crystal structure. The stacking fault 
energy required for this particular defect is low based on the observed frequency of these 
stacking faults. One reason for this may be the hexagonal polymorph of CuAlO2. Figure 
3.16 examines the rhombohedral and hexagonal polymorphs along the <001> viewing 
directions. The stacking sequence for the rhombohedral variant consists of edge-sharing 
AlO6 octahedra that are oriented in the same direction; layers separated by the copper 
planes have the same orientation and direction, leading to an AABBCCAA oxygen 
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stacking sequence. The direction of the alumina planes in the hexagonal variant alternate 
between layers, resulting in an AABBAABB oxygen stacking sequence. The twin defect 
can be thought of as the formation of a single plane of hexagonal CuAlO2 in the 
rhombohedral structure, generating an oxygen stacking sequence that would take the form 
ABB|AA|CCBB. The spacing and ordering of these planes is hypothesized to be related to 
the layered composite microstructures observed during reduction. 
 
 
Figure 3.13. EBSD Inverse Pole Figure (IPF) map of CuAlO2 produced using the SPS-
anneal process. Elongated, platelet-like grains are frequently observed in these 
microstructures. Crystallographic twins are also frequently found parallel to the basal 
plane in this material.  
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Figure 3.14. (a) TEM BF image of CuAlO2 sample removed from fully dense samples 
prepared by SPS-anneal process. Several microtwins are visible in the diffracting 
condition. (b) SAD pattern obtained from untwinned region of sample at same tilt as a.(c) 
BF TEM image of same sample tilted diffraction contrast of the twins disappears. (d) 
Corresponding SAD pattern at same tilt as c. 
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Figure 3.15. HAADF-STEM image of CuAlO2 lattice from sample imaged in Figure 
3.14. Alternating layers of Cu and Al are visible in the image. The positioning of the 
aluminum atoms reveals the location of stacking faults, indicated. 
 
3.5. Discussion 
3.5.1. Processing Strategies 
 The sintering kinetics of CuAlO2 were shown to be slow in Figure 3.6. The hold at 
1100°C for 48h resulted in an average density of 61%. While solution processing produces 
CuAlO2 with few impurities, sintering of the powders is a slow process. Sintering studies 
Stacking Faults 
CuAlO
2
 
 64 
 
of CuAlO2 have not been reported in the literature, but this work suggests that sintering of 
the phase-pure CuAlO2 starting powder is not the most effective method of producing 
dense CuAlO2 monoliths;  
 Samples of CuAlO2 produced using the SPS-anneal method averaged 98% density 
after the SPS heat treatment. The fine microstructure was also retained, with most single 
phase regions no larger than 10µm. These short diffusion distances result in faster 
conversion to the mixed oxide. The microstructure after the sintering step consists of an 
copper-oxygen phase, either Cu2O or copper with small amounts of dissolved oxygen, and 
alumina. CuAlO2 was not observed in these microstructures, and is not expected to form 
during the sintering process due to the low sintering temperature and the highly reducing 
atmosphere from the graphite die used during sintering. 
 An additional heat treatment to convert the dense Cu-O and Al2O3 to was performed 
at 1100°C for 48h in a box furnace. The density of the sample is maintained at about 98%, 
but a significant portion of the microstructure has converted to the CuAlO2 phase. The 
Cu2O phase is still observed at many triple points. Cu2O and CuO are frequently observed 
as secondary phases after conversion63,65, but the cause for them is not discussed. After the 
conversion heat treatment, the CuAlO2 grains were observed to have a distribution of grain 
sizes. Many of the larger grains were elongated along the (0003) basal plane direction. 
These elongated grains were not indicated by other authors using the same process. A 
significant number of twin boundaries were observed in the EBSD maps of the CuAlO2 
grain structure and observed in STEM imaging. The presence of laminar twins in 
delafossite-structured CuGaO2 has been reported and characterized 
66. Gall et. al. 
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hypothesize that defects responsible for the p-type conductivity play a role in stabilizing 
the twins, as these twins are not observed in AgInO2, an n-type delafossite. 
Solid oxide reaction of Cu/Cu2O and Al2O3 have been investigated during studies 
of bonding at these interfaces. Farrer and Nowell show the extent of growth rates of 
CuAlO2 and CuAl2O4 films at the interface between Cu2O and Al2O3
67. Annealing in air at 
1100°C for 192h produced a CuAlO2 film of ~90µm thickness, and a CuAl2O4 layer 
thickness of 45µm. Susnitzky and Carter similarly studied the formation of these layers by 
embedding Al2O3 rods in CuO powder and annealing in air at 1100°C for 408h, and 
reported even thinner films of 30µm and 20µm respectively62. The slow growth of these 
reaction fronts between solid oxides indicates that phase separation as observed in Figure 
3.7 is undesirable as diffusion distances become larger and will take longer to convert to 
CuAlO2. Shorter diffusion distances are critical to converting copper and alumina in 
reasonable time frames. 
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Figure 3.16. Crystal structure models for rhombohedral (left) and hexagonal (right) 
variants of CuAlO2, viewed down the <100> crystal direction. Oxygen stacking sequence 
is indicated at opposite ends of the figure. 
 
3.6. Summary 
Several processing methods were investigated in an attempt to produce phase-pure, 
dense CuAlO2 samples to investigate a partial reduction. Solid oxide mixing of copper 
oxide and alumina sintered using traditional press and sinter methods produced samples in 
which CuAlO2 was a minority constituent, but shows interesting decomposition behavior 
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To improve the efficiency of the CuAlO2 conversion process, a solution processing 
method was developed. This process yielded excellent conversion to CuAlO2 with a small 
amount of Cu2O impurity phase. Attempts to sinter this CuAlO2 powder proved difficult, 
as samples did not densify quickly and increasing the temperature caused a phase 
separation of the CuAlO2. A method from the literature was then investigated. 
The SPS-Anneal process was used to fully densify the starting CuO and Al2O3 powders 
while retaining a small grain size. These samples were then annealed to convert the 
microstructure to the CuAlO2 crystal structure. EBSD was used to examine the grain 
morphology, and CuAlO2 was shown to favor elongated, platelet like particles during 
annealing. These platelets contained a high degree of stacking faults, which were examined 
using STEM techniques. HAADF-STEM imaging showed the stacking faults occurred via 
a change in alumina octahedra orientation across the planes of copper.   
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4. CuAlO2 Reduction: Mechanism and Coarsening 
The decomposition of CuAlO2 in inert or reducing atmospheres has been briefly 
studied by several groups studying p-type conductivity of thin film CuAlO2
54 or the use of 
CuAlO2 powder as an oxygen storage medium
68.  Neither study investigated monolithic 
CuAlO2, and only Bryne et. al. mention the microstructure of the resulting composite. 
These novel composite microstructures consist of alternating layers of copper and an 
alumina nanocomposite, as was shown in Figure 3.8. These composites also show potential 
for tailored hierarchical composite microstructures by controlling the decomposition 
reaction of the mixed oxide by adjusting process variables. To understand the 
decomposition reaction that occurs in the CuAlO2 system and what process variables may 
affect the reaction, several samples of monolithic CuAlO2 fabricated by the SPS-Anneal 
process underwent the reduction heat treatment to produce partially decomposed samples. 
SEM, TEM, and STEM techniques were used to examine the microstructures as the 
CuAlO2 decomposes and after the reduction process occurs. The results and implications 
of the findings will be discussed in this chapter. Figure 4.1 shows a schematic diagram of 
the reduction process of the CuAlO2, representative microstructures, and regions of interest 
which will be discussed throughout the chapter. 
4.1. Overview of Microstructures 
Dense CuAlO2 samples were fabricated using the SPS-Anneal process described in 
section 3.4, and then annealed at 1000°C in a 5%H2/N2 process gas for a range of times. 
The reduction heat treatment caused decomposition of the fully dense CuAlO2 in a similar 
manner to the porous samples described in section 3.2.2.b. A variety of characterization 
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techniques were used to examine the micro- and nanostructures present in the final 
composites. Many samples were not completely reduced, resulting in a central region of 
un-reduced CuAlO2 with surrounding regions of copper and nanocomposite Cu/Al2O3. 
These regions were used to examine the decomposition reaction across the phase 
transformation boundary.   
Figure 4.2 shows a representative microstructure observed in the dense CuAlO2 
after reduction at 1000°C for 3 hours. This micrograph shows the characteristic composite 
microstructure consisting of alternating copper and θ-Al2O3 layers. This microstructure 
corresponds to region 2 in Figure 4.1. As mentioned earlier, these copper layers are always 
oriented parallel to the CuAlO2 basal plane, indicating the microstructure has an orientation 
dependence with the parent phase CuAlO2, and that the phase transformation is not 
continuous across CuAlO2 grain boundaries. A similar orientation dependence after phase 
transformation has been observed in microstructures produced from various spinel-
structured crystals69,70, suggesting the starting crystal structure can influence the structure 
of the decomposition products. 
Figure 4.3a shows several coarse copper lamella extending from the grain boundary 
and growing into a CuAlO2 mid-reduction. These coarse copper layers are hypothesized to 
nucleate on the grain boundary and grow into the grain interior. The growth of these layers 
and the progress of the reaction front into the grain are coupled; the reason for and the 
implications of this coupling will be discussed in later sections. This reaction front 
corresponds to region 1 in Figure 4.1, and will be revisited to examine how the reaction 
occurs.  
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Figure 4.1. Schematic diagram showing reduction reaction and microstructure 
development in CuAlO2 during reduction anneal process. The regions indicated will be 
discussed, and example micrographs showing these regions and representative 
microstructures are listed underneath.  
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Figure 4.2. BSE Representative microstructure of fully reduced region of dense SPS-
Anneal CuAlO2 after reduction anneal of 3hr at 1000°C in N2-5%H2.  
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Figure 4.3. (a) BSE Micrograph showing CuAlO2 grain with reduction reaction front. 
Delineated region indicates a CuAlO2 grain boundary shown below. (b) BSE Micrograph 
showing higher magnification of copper lamella and surrounding Al2O3. Contrast shows 
the presence of Cu particles within the Al2O3 matrix.  
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Figure 4.4. (a)HAADF-STEM image showing reduction reaction front in CuAlO2. 
Needle-like copper lamella form parallel to the CuAlO2 (0003) basal plane. (b) Higher 
magnification of the delineated region, showing elongated copper particles in the matrix.  
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Figure 4.3b shows the delineated region from Figure 4.3a at higher magnification. 
This BSE image shows contrast levels in the ‘ceramic’ region between the copper layers. 
This image contrast suggests that the ‘ceramic’ phase is a nanocomposite consisting of a 
ceramic matrix with embedded nanoparticles. The bulk structure can be described as a 
hierarchical composite, consisting of alternating layers of copper and a copper/alumina 
nanocomposite. The nanocomposite consists of an alumina matrix which contains a dense 
array copper nanoparticles. Figure 4.4a shows a HAADF-STEM image of these 
nanocomposite regions, and confirms the presence of the copper particles. These elongated, 
platelet like nanoparticles are oriented at an angle to both the CuAlO2 basal plane and the 
larger copper lamella. 
Features and relationships between features in the regions of interest will be 
investigated sequentially. 
4.1.1. Fine Nanocomposite Regions 
4.1.1.a. HAADF-STEM Imaging of Nanocomposites 
Copper platelets can also nucleate within the CuAlO2 crystal structure, as was 
discovered in one sample. Figure 4.5a shows a copper particle in the CuAlO2 matrix. Figure 
4.5b shows the interface between the particle and matrix . The platelet appears to be 
coherent with the planes of copper atoms on the CuAlO2 (0003), but incoherent in the 
orthogonal direction. The presence of a copper platelet in the CuAlO2 phase suggests that 
appreciable copper diffusion within the parent phase can occur, a topic not discussed in the 
literature to date. The formation of a copper particle in the CuAlO2 matrix would have an 
 75 
 
effect on the reduction kinetics due to increased oxygen solubility and diffusion. This will 
be discussed in depth in 4.2.4. 
 
Figure 4.5. (a)HAADF-STEM image showing a copper platelet in CuAlO2 before 
reduction of the CuAlO2 matrix. (b) Higher magnification of the delineated region.  
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The geometry of the copper platelets, shown in Figure 4.4b, is speculated to have a 
connection to preferred low-energy interfaces between θ-Al2O3 and copper. The nature of 
copper/θ-Al2O3 interfaces has not been reported but, there is a precedent for preferred 
growth directions in the similar γ-Al2O3/Cu system[18].  
4.1.1.b. Identification of Matrix Crystal Structure and Orientation 
Relationships 
After reduction, XRD was performed on some of the fully reduced composite 
samples. Initial results revealed FCC copper diffraction peaks were the principal peaks 
observed in the spectrum, with many low intensity alumina peaks that were difficult to 
resolve due to a lower signal-to-noise ratio. Copper was removed from the sample by 
soaking in a dilute (10vol%) nitric acid solution to dissolve the bulk copper out of the 
microstructure. After the nitric acid bath, the composite had very little mechanical strength. 
Handling the sample after immersion in nitric acid caused the material to crumble. The 
samples was ground in a pestle and mortar, and the powder was used for XRD analysis of 
the Al2O3 structure. 
Figure 4.6 shows the XRD spectra of the composite after the nitric acid bath. The 
spectrum was calibrated using the 220 diffraction peak from a silicon standard located at 
47.303°. Peaks from FCC copper are still present after the nitric acid bath, but the intensity 
of the alumina peaks were able to be indexed. The collection of non-copper peaks can be 
matched to either the θ-Al2O3 or δ-Al2O3 crystal structures. Overlapping diffraction peaks 
complicated the identification of the alumina phase. To confirm the identity of the alumina 
phase, a smaller window of analysis was used to increase resolution and peak intensity for 
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similar scan times. The results were also compared to data from the literature where XRD 
was performed on samples which contained both delta and theta alumina crystal structures.  
Figure 4.7 shows experimental XRD spectra from this work and by Kovarik et. al[13]. in 
the range 43° to 50°. Within this 7° window, a combination of three characteristic peaks (θ 
or δ and one combined peak) are known to be present and are labelled on the spectrum 
reproduced from [13].  Kovarik performed heat treatments on commercial boehmite 
powders at 1050°C for up to 48 hours, allowing the boehmite to transform sequentially into 
the delta and theta structures. One of their spectra, reproduced in Figure 4.7, shows the 
location and relative intensity of both δ- and θ-Al2O3 diffraction peaks. Using this 
comparison, the experimental data from the decomposed CuAlO2 display the characteristic 
θ-Al2O3 peaks and a smaller ‘combined’ δ/θ peak. The characteristic δ peak (~45.64°), if 
present, is almost indistinguishable from noise. The combined peak (~46.49°) has a lower 
relative intensity when compared to the adjacent θ peak (~47.06°). When compared to the 
example from literature, the data from this work shows the presence of both characteristic 
θ peaks, reduced intensity of the combined peak, and is missing the characteristic δ peak. 
Thus, the bulk of the microstructure was determined to be primarily FCC copper and θ-
Al2O3.
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Figure 4.6. XRD results for dense CuAlO2 produced via SPS-anneal method, after reduction at 1000°C for 3 hours in 5%H2-N2. The 
sample was soaked in dilute (10vol%) nitric acid to dissolve copper and decrease the contribution of the copper signal.  
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Figure 4.7. XRD results (top) for dense CuAlO2 produced via SPS-anneal method, after 
reduction at 1000°C for 3 hours in 5%H2-N2, and immersion in 10vol% dilute nitric acid. 
(Bottom) experimental data reproduced from Kovarik et. al.31 of a boehmite sample 
annealed at 1050°C for 48 hours, containing both δ and θ polymorphs. 
 
  
43 45 47 49
In
te
n
si
ty
 (
ar
b
. 
u
n
it
s)
2θ (degrees)
XRD of Reduced CuAlO2 sample
This Work
From Kovarik
θ 
θ 
θ/δ 
δ 
 80 
 
 
Figure 4.8. (a)HAADF-STEM image showing the decomposition reaction front in a 
sample of CuAlO2 that was reduced at 1000°C for 3hr in N2-5%H2. Arrow indicates area 
used to collect SAD patterns(b-f) SAD patterns from positions along the reaction front. 
Features of the 110 CuAlO2 zone axis fade as diffraction spots from the Cu 110 and θ-
Al2O3 001 zone axes appear, suggesting a nucleation and growth-type reaction. 
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Figure 4.9. (a) HAADF-STEM Image showing Cu platelets within the Al2O3 matrix, 
example SAD aperture size and area of interest indicated. (b) SAD pattern of region from 
‘a’ showing Cu 111 and θ-Al2O3 101 zone axes. (c) SAD pattern of region from ‘a’ 
showing Cu 112 and θ-Al2O3 122 zone axes. (d) SAD pattern of region from ‘a’ showing 
Cu 110 and θ-Al2O3 001 zone axes. 
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Table 4.1. Transition Alumina Crystal Structures and Matches to SAD Patterns. 
Variant Structure ZA Match to 
Hexagonal 
Pattern 
ZA Match to 
Rectangular 
Pattern 
ZA Match to 
Rhombohedral 
Pattern 
θ-Al2O3 Monoclinic 
(β=103.76°) 
101 122 001 
δ1-Al2O3 Orthorhombic 634 None 021 
δ2-Al2O3 Monoclinic 
(β=90.1°) 
323 343 or 326 None 
Copper Cubic 111 112 110 
 
Electron diffraction was used to confirm the crystal structure of the θ-Al2O3 and 
identify the orientation relationship between the copper and θ-Al2O3. The TEM sample was 
tilted to three different zone axes to determine the crystal structure and three-dimensional 
relationship. Figure 4.9a shows a HAADF-STEM image of the composite region, with the 
SAD aperture region indicated. The copper particles in a matrix were expected to generated 
double diffraction events, complicating the analysis of the diffraction patterns. Three major 
zone axes were located during tilting of the sample, and diffraction patterns were obtained 
from these major zone axes.  Figure 4.9b,c, and d can individually be indexed to δ1, δ2, or 
θ-Al2O3 polymorphs, as well as separate indexing for diffraction spots from FCC copper. 
Double diffraction occurs in each of the three patterns, which was accounted for in analysis 
to confirm the crystal structure of the alumina. Table 4.1 summarizes the results of electron 
diffraction indexing and compares the crystal structures of the different possible crystal 
structures. The orientation relationships between the copper, alumina, and delafossite-
structured CuAlO2, and were investigated on one of the major zone axes. 
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Figure 4.8c shows SAD patterns containing diffraction spots from CuAlO2, θ-
Al2O3, and copper reveal the orientation relationship between the various phases. Indexing 
of the patterns show the CuAlO2 110 zone axis, θ-Al2O3 001 zone axis, and Cu 110 zone 
axis are all parallel. The angle between the θ-Al2O3 {-310} planes and the CuAlO2 {104} 
planes is approximately 9°. Since θ-Al2O3 is the best match to both XRD and all three SAD 
patterns indexed, the alumina in the nanocomposite region was confirmed to have the θ-
Al2O3 crystal structure. 
Within a nanocomposite grain, all the observed copper nanoplatlets were found to 
have the same orientation in HAADF-STEM imaging, but not the same geometry. This 
finding was confirmed from the SAD patterns indexed above: a large number of copper 
nanoparticles within the composite show strong single diffraction spots rather than 
diffraction rings indicative of random polycrystal samples. This finding was corroborated 
by Automated Crystal Orientation Mapping (ACOM) in the TEM using Precession 
Electron Diffraction techniques. 
Figure 4.11 shows reconstructed BF-TEM images of a region of interest in the 
composite at two different magnifications. The reconstructed BF image in Figure 4.11a 
shows a region consisting of a single prior-CuAlO2 grain. A band in the middle contains a 
region of nanocomposite sandwiched between a coarsened region on the left and a copper 
lamella on the right. Figure 4.11b shows a phase map of the region from (a) with red 
indicating copper and green indicating alumina. The phase map, almost completely red, is 
a consequence of beam spot size and diffraction intensity. Many copper particles can be 
found in a region the size of the TEM probe, so copper particles will always contribute to 
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the electron diffraction pattern. These copper particles diffract the beam more strongly than 
the alumina regions, and the analysis software selects the highest intensity points for 
characterization. The software thus indexes all analyzed points as corresponding to copper. 
The corresponding orientation map, Figure 4.11c, then shows only the orientation of copper 
in the sample. Within a single CuAlO2 parent grain, the copper nanoplatelets are found to 
locally have very little variation in orientation, which is consistent with the SAD 
experimental findings. 
Figure 4.11d shows a higher magnification BF image of the delineated region in 
(a), and was obtained with a smaller beam step size of 5nm. The abrupt change in particle 
size between the coarse and fine microstructures is evident. Figure 4.11e shows the 
calculated phase map in the manner described earlier. The alumina within the coarsened 
region was not indexed well, suggesting the θ-Al2O3 crystal structure did not match the 
observed diffraction patterns, which will be elaborated on in later sections. Figure 4.11f 
shows the corresponding orientation maps. This map again shows all the copper particles 
in the fine region have similar orientation within small regions of the sample. The measured 
misorientation between the blue and pink regions of the sample was determined to be less 
than 15º71. Additionally, the copper in the coarse region also has similar orientations to the 
copper in the fine regions, which is unexpected given the amount of coarsening that 
occurred across the coarsening interface. 
4.1.2. Coarse Nanocomposite Regions 
Another feature of interest in the composite microstructure are regions where the 
copper and alumina particles are one to two orders of magnitude larger than the 
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surrounding nanocomposites, and have a globular morphology.  Figure 4.10 shows a region 
with multiple instances of these coarser, ‘globular’ regions. These regions feature copper 
particles that are one to two orders of magnitude larger than the copper platelets found in 
the nanocomposite region. The globular regions were not observed in the zero-hour 
reduction run, but were found in all longer reduction runs.  
 
  
Figure 4.10. BSE micrograph demonstrating globular copper/θ-Al2O3 microstructure. The 
globular microstructure has features an order of magnitude larger than the adjacent 
nanocomposite. 
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Figure 4.11. Phase and Orientation Mapping Results using Precession Electron Diffraction (PED)Technique. (a) Virtual BF image 
showing region of interest consisting of fine and coarse copper composite regions (b) Phase map of region depicted in (a), step size 
25nm (c) Orientation map of region depicted in (a). (d) Higher magnification image from delineated area in (a). (e) Phase map of 
region depicted in (d), using a 5nm step size, coloration same as (b), light blue is an amorphous phase. (f) Orientation map of region 
depicted in (d). 
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The globular composite microstructure was never observed adjacent to reduction 
front, suggesting a coarsening reaction rather than a precipitation reaction[19]. The 
globular microstructures were observed infrequently, totaling around 5% of the total area 
of the samples investigated.  Within the globular region, all copper particles studied had 
the same or similar orientations, shown in the ACOM results in Figure 4.11, indicating that 
there is a strong orientation preference within the alumina matrix. The abrupt 
(discontinuous) change in particle size between these regions suggests a discontinuous 
reaction is responsible for the microstructures[19]. These regions will be investigated and 
discussed in section 4.3.3. 
 
4.1.3. Diffraction Pattern Catalogue of Phase Transformation 
To study the CuAlO2 phase decomposition, a TEM sample was obtained from a 
partially transformed region of CuAlO2. Figure 4.8a shows a section of the TEM sample 
which was partially reduced and contained both CuAlO2 and Cu/Al2O3 composite regions. 
The CuAlO2 grain was tilted to the 110 zone axis, then SAD patterns were obtained starting 
from the CuAlO2 region and were collected at several locations across the boundary to 
examine how the diffraction pattern changes across the reaction front. Figure 4.8b shows 
the initial diffraction pattern from the CuAlO2 110 zone axis, and was used as a reference 
for comparison. Figure 4.8c shows a diffraction pattern collected from a region that 
contained the reaction front, containing both CuAlO2 and the Cu/Al2O3 composite. 
Diffraction spots from both CuAlO2 and the composite were indexed using this diffraction 
pattern. Copper is indexed to the 110 zone axis, while θ-Al2O3 is indexed to the 010 zone 
axis. On these zone axes, the reflections corresponding to θ-Al2O3 (-401) and Cu (111) 
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appear to be collinear, suggesting the orientation relationship is Cu[110]||θ-Al2O3[001] and 
Cu(111)||θ-Al2O3(-401) Figure 4.8d shows an expanded section of the diffraction pattern 
from Figure 4.8c. Here the diffraction spots are indexed, identifying the diffracting planes. 
Of note, the reflections corresponding to copper (222) spots appear to be elongated and 
curved. This may be due to slight rotations in the orientation of the copper particles, as the 
elongation is equidistant from the transmitted beam and reminiscent of segments of 
polycrystalline ring diffraction patterns. Figure 4.8e shows the diffraction pattern near the 
conclusion of the reaction, containing only diffraction data from copper and θ-Al2O3. 
Several copper spots still have an elongated appearance. Figure 4.8f shows the diffraction 
pattern at the conclusion of the reaction.  
Diffraction patterns obtained from the region containing both CuAlO2 and the 
composite provide insight into the type of transformation that is occurred. Spinodal 
decomposition reactions manifest as a stretching and splitting of one diffraction spot into 
two72.  The reflections corresponding to the delafossite-CuAlO2 planes appear to decrease 
in intensity, rather than elongate and split into copper and alumina reflections.  The 
observed fading of single diffraction spots suggests a eutectoid decomposition or 
precipitation-type phase transformation rather than a spinodal reaction.  
4.2. Transformation Mechanism 
In order to hypothesize ways to control the microstructure, the mechanism for the 
decomposition reaction was investigated. The reaction was observed to nucleate on the 
grain boundaries, suggesting their importance. HAADF-STEM imaging of the reaction 
front was used to identify diffusion species and look at structural relations between the 
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constituent phases in the microstructure. SAD patterns were obtained from a region of 
CuAlO2 grain that was partially reduced, which allowed the changes in crystal structure to 
be observed. From the observed microstructures, a schematic explanation for the reduction 
process was proposed. 
4.2.1. Decomposition Reaction Initiation Sites 
To examine the early stages of bulk reduction and determine the extent of the 
reduction action during heating and cooling in the M60 vacuum furnace, a ‘zero hour’ 
reduction heat treatment was performed. A sample of dense CuAlO2 was put through a 
standard reduction heat treatment with a high temperature hold time of 1s. The extent of 
reduction in this ‘zero’ hour run was due to reactions that occur predominantly during 
heating and cooling. Figure 4.12a shows representative microstructures for samples of 
CuAlO2 annealed at the reduction temperature for a nominal ‘zero’ hour run. The edge of 
the sample shows the expected lamellar microstructure, though it appears finer than 
samples that are press and sintered in Figure 3.8. The importance of grain boundaries is 
also evident: the reaction begins at the grain boundary and the reaction front progresses 
into the CuAlO2 grains as can be seen in Figure 4.12a. The grain boundaries appear 
speckled due to the presence of copper at the grain boundaries, indicating that these are the 
first regions to decompose into metallic copper and alumina.  
The nucleation of reactions at grain boundaries can occur for several reasons. The 
CuAlO2 grain boundaries allow for faster oxygen diffusion out of the system during the 
reduction process, similar to how oxygen diffusion in polycrystalline alumina is faster than 
single crystal alumina73. The faster diffusion rates cause the grain boundaries to achieve an 
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oxygen activity equilibrium with the surrounding reducing environment before the bulk 
CuAlO2 crystals. Thus, the CuAlO2 grain boundaries establish a gradient in oxygen activity 
and composition which induces oxygen diffusion out of the CuAlO2 grains and subsequent 
segregation of the resultant phases74. Figure 4.12b shows the reaction initiating at the grain 
boundaries and progressing into the CuAlO2 grain in several directions.  
The velocity of the moving reaction front appears to be orientation dependent. 
Figure 4.12b illustrates this, showing the front moves fastest parallel to the long axis of the 
grains (the basal plane) and more slowly in the direction perpendicular to the basal plane. 
This provides valuable insight into the diffusion direction of elements in this reaction, and 
will also be discussed further in section 4.2.4. 
4.2.2. HAADF-STEM Imaging of the Reaction Front 
FIB techniques were used to extract a TEM sample from an area of CuAlO2 that 
contained the reduction reaction front. Figure 4.13 shows an example image of the 
reduction reaction. Several continuous bands of copper, hypothesized to nucleate on the 
grain boundaries and grow into the grain, are visible.  
 
 91 
 
 
Figure 4.12. (a) BSE image of CuAlO2 microstructure after ‘zero’ hour reduction at 
1000°C in N2-5%H2. Indicated grain boundaries have additional contrast due to the 
decomposition reaction occurring at the surface of grains. (b) Microstructure near crack 
present in CuAlO2. A grain boundary is indicated, showing the growth of copper lamella 
from the grain boundary into the CuAlO2 grain. 
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Figure 4.13. HAADF-STEM image showing reduction reaction front in CuAlO2. Needle-
like copper lamella form parallel to the CuAlO2 (0003) basal plane.  
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Figure 4.14. HAADF-STEM image showing the initial stage of the reduction process. 
Two planes of copper atoms fade in intensity, while a diffuse bright spot (indicated) may 
suggest an accumulation of copper in the sample thickness.  
 
 
Figure 4.15. HAADF-STEM image showing final stage in reduction process. Copper 
nanoparticles (NPs) are observed in the θ-Al2O3 matrix near the last layers of CuAlO2. 
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Between the continuous copper bands are smaller copper platelets, formed from the 
consolidation of copper that had diffused out of the structure after the reduction reaction. 
Figure 4.4a shows a HAADF-STEM image of the geometry of these copper platelets near 
the reaction front. Figure 4.4b shows a few of these platelets at higher magnifications to 
examine the geometry of individual platelets. These platelets are elongated on the (111) 
planes, nearly perpendicular to the CuAlO2 (0003) basal plane. Atomic resolution imaging 
of the Cu and θ-Al2O3 interfaces revealed the orientation relationship between the copper 
platelets and θ-Al2O3 was to be (111)Cu//(-402)θ-Al2O3 and [110]Cu//[010]θ-Al2O3[17]. 
This is consistent with the SADP indexing performed in section 4.1.3. 
The formation of the copper platelets in the alumina matrix was examined in 
previous work using through-focal imaging. These images revealed the copper platelets 
were often affiliated with porosity in the alumina matrix[17]. This porosity is attributed to 
the change in volume due to the phase transformation and likely forms due to the 
accumulation of vacancies in the oxygen sub-lattice during reduction. Oxygen vacancies 
are hypothesized to be generated at the surface of the Cu/Al2O3 composites and diffuse 
toward CuAlO2, and will be discussed in section 4.2.3. The association of copper platelets 
with porosity in the matrix reinforces the idea that copper interstitials are not favorable in 
the θ-Al2O3 matrix, and so it is more energetically favorable for the copper to coalesce in 
the pores.   
To resolve the decomposition mechanism, the structure of the decomposing grains 
was studied near the front of the reaction and near the end of the reaction. Figure 4.14 
shows the tip of the reaction front growing into the CuAlO2 matrix. The alternating 
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copper/alumina planes are evident in the micrographs. Since oxygen is not visible in 
HAADF-STEM images, the location of the reaction front must be inferred from the copper 
and aluminum location or intensities. The intensity of the atoms in the copper planes 
decreases, suggesting copper diffusion or rearrangement in the CuAlO2 structure near the 
‘tip’ of the reaction front. The rearrangement of copper in this region could manifest as a 
copper particle in the CuAlO2 lattice, as was observed in Figure 4.5. In comparison, Figure 
4.15 shows the ‘end’ of the reduction process as the last planes of copper in the CuAlO2 
structure diffuse out of the crystal. Copper nanoparticles are visible at the peripheries of 
the image, and the structure relationship between CuAlO2 and θ-Al2O3 is faint but visible 
as the continuation of aluminum planes across the phase boundary.   
Figure 4.16a shows a higher magnification image of the edge of a decomposing 
CuAlO2 grain. The darker alumina planes are observed to be approximately continuous 
across the reaction, suggesting the alumina planes do not undergo significant 
rearrangement for a short time after the diffusion or precipitation of copper. The boxed 
region indicated shows the decrease in intensity of atoms on the copper lattice sites. Figure 
4.16b shows the intensity profile from the boxed region, illustrating the gradual decrease 
of the brightness in the copper columns. The intensity decrease suggests that the reaction 
occurs by a deintercalation of individual copper atoms from the CuAlO2. Copper atoms at 
the ends of planes on the periphery of the remnant CuAlO2 diffuse out of the Cu planes in 
the delafossite structure and can coalesce in the adjacent θ-Al2O3 or CuAlO2. 
Observations of the microstructure at the grain boundaries at the start of 
decomposition indicate that the reaction initiates at the grain boundaries and progresses 
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into the CuAlO2 grain. It is hypothesized that the surface of CuAlO2 decomposes initially, 
leaving alternating Cu and Al2O3 nuclei on the grain surface. These copper nuclei will grow 
to become the large copper lamella. Figure 4.17 shows these lamella connected to the 
indicated grain boundary. The lamella grow fastest along the 0003 CuAlO2 basal plane, 
likely due to faster oxygen transport due to the growing copper precipitate. As this 
reduction front (and copper lamella, by extension) grows into the grain, regions around the 
tip of the copper lamella start to decompose. 
As the reduction front progresses into the CuAlO2 grain, the copper from the 
decomposing regions start to coarsen into particles. Figure 4.5a shows a HAADF-STEM 
image of CuAlO2 near the reduction front. An elongated copper particle is visible, and 
appears to be coherent with the copper-terminated CuAlO2 basal plane. Figure 4.5b shows 
a higher magnification image of the interface between the copper particle and CuAlO2, 
emphasizing the coherent interface. FFT of Figure 4.5a indicates a d-spacing of 2.11Å, a 
strain of about 1.44% compared to that of pure copper at 2.08Å. This strain may be due to 
a slight lattice mismatch between CuAlO2 0003 and Cu 111, or may be due to oxygen in 
solution in the particle  
When copper diffuses out from between the alumina planes, the alumina layers 
contract to form an alumina polymorph in the vacated space between layers. The oxygen 
stacking sequence in CuAlO2 will then be related to the oxygen stacking sequence of the 
resulting alumina phase. The oxygen sub-lattice of CuAlO2 can be described as an FCC-
type stacking. It is hypothesized that this FCC-type stacking (AABBCC) leads to the 
formation of θ-Al2O3 which also contains an FCC oxygen sub-lattice, rather than the α-
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Al2O3 which has an HCP oxygen sub-lattice. Figure 4.14 shows a HAADF-STEM image 
where the location of the aluminum cations does not appear to change significantly before 
and after copper diffuses out of the structure. Since the aluminum sit in the octahedral 
intestices in the oxygen sublattice, this suggests that the oxygen lattice does not undergo a 
significant restructuring during copper diffusion. If the oxygen sub-lattice does not change, 
the ABC stacking sequence would be maintained, resulting in the θ-Al2O3 crystal structure. 
The consistency in aluminum cation locations also indicate that the CuAlO2 and θ-Al2O3 
are epitaxial in the observed orientations, and likely topotaxial in the three-dimensional 
crystals. This again supports the claim that the CuAlO2 eutectoid decomposition is a 
coherent reaction. 
  
 98 
 
 
Figure 4.16. (a)HAADF-STEM image showing the stepwise reduction process. The 
copper atoms in the 0003 plane indicated fade in intensity, shown in the intensity line 
profile in (b).  
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Figure 4.17. (a) BSE micrograph of CuAlO2 structure after heat treatment at 1000°C for 3 
hr in an N2-5%H2 process gas. Arrow indicates diffusion pathway (iii) along cracks due 
to volume change. (b) Higher magnification of region delineated in (a). Arrows indicate 
diffusion directions along (i) continuous precipitates and (ii) along lattice faults.  
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4.2.3. Internal Reduction Reactions and Diffusion of Atomic Species 
4.2.3.a. Thermodynamic Stability of the Investigated Oxides 
To discuss the phase transformation and diffusion of species in the Cu-Al2O3 
system, the phases present in the decomposition reaction must be determined. Experimental 
observations of the decomposition of this system suggest a direct decomposition to metallic 
copper and θ-Al2O354,55,68. The calculated phase diagram from Ingram48 shows a phase 
boundary directly between Cu+Al2O3 and CuAlO2, also supporting a direct decomposition. 
During the decomposition of CuAlO2 in a low-pO2 environment, an oxygen activity 
gradient will be established in the sample. This gradient may favor a demixing reaction 
into Cu2O and Al2O3 before reduction to metallic copper. Thus, two possible chemical 
equations for decomposition of CuAlO2 have the form 
2𝐶𝑢𝐴𝑙𝑂2 → 2 𝐶𝑢 + 𝐴𝑙2𝑂3 +
1
2⁄ 𝑂2(𝑔) (4.1) 
or 
2𝐶𝑢𝐴𝑙𝑂2 →  𝐶𝑢2𝑂 + 𝐴𝑙2𝑂3   (4.2) 
  and  
 𝐶𝑢2𝑂 →  2𝐶𝑢 +
1
2⁄ 𝑂2(𝑔). 
 
Jacob and Alcock 47 provide the oxygen partial pressure dependence of the 
equilibrium for equation 4.1. Figure 4.18 plots the phase equilibria for equation 1, showing 
the stability window for CuAlO2 at various temperatures and oxygen partial pressures. 
Figure 4.18 also shows an approximate stability range for the copper red-ox equilibrium at 
1000°C based on measurements from Ellingham diagrams75,76. The copper red-ox 
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equilibrium crosses the CuAlO2 decomposition equilibrium, suggesting that the 
decomposition products could be stable as either metallic copper or cuprous oxide. 
 
 
Figure 4.18. Plot of equilibrium oxygen partial pressure as a function of temperature for 
the decomposition reaction. The range of stability for the copper red-ox reaction is also 
indicated at the relevant temperatures. Thermodynamic data from Jacob and Alcock47. 
Stable phases are indicated in their respective phase fields.  
 
For a partially reduced CuAlO2 sample, an oxygen partial pressure gradient would 
be expected between the surface of the composite region and the bulk CuAlO2.  
Figure 4.19 shows a schematic diagram of the decomposition reaction progressing into the 
CuAlO2 phase. The schematic plot below Figure 4.19 shows relative values for oxygen 
activity at the locations indicated on the above schematic. Two important, hypothetical 
oxygen activity values are indicated on the plot. The adecomp indicates the oxygen activity 
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at which the CuAlO2 decomposes. At a slightly lower oxygen activity, the ared indicates the 
activity at which cuprous oxide reduces to metallic copper. This schematic shows that, 
depending on the slope of the oxygen activity curve and difference in activity between the 
two reactions, it is possible to have a region of thickness, d, in which Cu2O would be the 
thermodynamically stable phase. In this case, the decomposition would occur via the 
demixing reaction followed by reduction, rather than the direct decomposition reaction. At 
this point, the thermodynamic data available does not indicate which reaction would be the 
preferred reaction. 
Figure 4.8 shows HAADF-STEM imaging of the reaction front and SAD patterns 
from across the front. Neither the image nor the diffraction data indicate detectable 
amounts of Cu2O formation during the decomposition. The amount of Cu2O present 
adjacent to the reduction front may be very small, just a few formula units. This small 
amount of Cu2O would not be detectable in HAADF-STEM imaging or SAD patterns. The 
demixing of a mixed oxide has been observed in the (Mg,Cu)O system77 where (Mg,Cu)O 
decomposed first into Cu2O and MgO before reduction to metallic copper and MgO. In 
current work on the CuAlO2 system, Cu2O was not observed, suggesting the reduction rate 
is very fast compared to the rate of decomposition. This hypothesis would explain the 
reports in the literature of direct decomposition from CuAlO2 to Cu/Al2O3 
54,68. This work 
will assume first a de-mixing of the CuAlO2 and subsequent reduction of the cuprous oxide 
species. 
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Figure 4.19. Schematic showing oxygen activity gradient as a function of location in a 
decomposing CuAlO2 grain. 
 
4.2.3.b. Transport and Defect Chemistry at Reaction Front 
The decomposition of bulk CuAlO2 relies on long range diffusion of oxygen in the 
system. Given the close-packed layers in the CuAlO2 structure, diffusion of the large atoms 
of copper and oxygen must depend on the creation of vacancies to facilitate appreciable 
diffusion rates in the reaction. The concentration of [oxygen] vacancies in the oxide will 
depend on the oxygen partial pressure and/or oxygen activity in the region of 
decomposition. It is assumed that the demixing of the CuAlO2 into Cu2O and Al2O3 will 
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occur first as the pO2 decreases, followed by the decomposition of the Cu2O phase into Cu 
and O2 at lower pO2. 
At the reaction front, the reduction reaction for monovalent copper will be 
according to the quasichemical reaction: 
𝐶𝑢𝐶𝑢
𝑋 ↔ 𝐶𝑢𝑠 + ℎ
• + 𝑉𝐶𝑢
′  (4.3) 
while oxygen will be reduced at the grain surface according to the reaction 
𝑂𝑂
𝑋 ↔ 1 2⁄ 𝑂2 + 2𝑒
′ + 𝑉𝑂
••. (4.4) 
Figure 4.20 shows a schematic diagram illustrating the reduction reactions and the 
diffusion directions of the electronic and crystal defects. Copper vacancies and holes 
produced by the copper reduction reaction at the reaction front diffuse toward the grain 
boundary or copper lamella. This diffusion is driven by the concentration gradient of these 
defects: Kröger-Vink diagrams for metal oxides show the concentration of these defects 
decrease with pO2
78, indicating fewer copper vacancies in the low pO2, reduced composite. 
Similarly, the grain boundary or copper lamella surface serve as the reduction site for the 
oxygen. From this surface, free electrons and oxygen vacancies diffuse inwards toward the 
reaction front. As the crystal defects (VO
•• and VCu´) diffuse through the crystal structure, 
they would react to form a void in the crystal according to the equation  
𝑉𝑂
•• + 𝑉𝐶𝑢
′ ↔ 𝑛𝑢𝑙𝑙 (4.5) 
The relative diffusion rates of the crystal defects will determine where between the surface 
and reduction fronts the voids will most frequently be found. 
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The diffusion of holes and copper vacancies toward the surface would result in the  
quasichemical reaction, 
𝑂𝑂
𝑋 + 2ℎ• + 2𝑉𝐶𝑢
′ ⇌ 1 2⁄ 𝑂2 + (𝑉𝑂
•• + 2𝑉𝐶𝑢
′ )  (4.6) 
which shows that the surface acts as a sink for the holes and copper vacancies.  
Similarly, the equivalent quasichemical reaction at the reaction front would see 
oxygen vacancies and free electrons diffusing from the surface inwards toward the reaction 
front to reduce Cu2O according to  
2𝐶𝑢𝐶𝑢
𝑋 + 2𝑒′ + 𝑉𝑂
•• ⇌ 2𝐶𝑢𝑠 + (𝑉𝑂
•• + 2𝑉𝐶𝑢
′ ) . (4.7) 
 
Figure 4.20. Schematic representation of diffusion processes in the Cu2O/Al2O3 reduction 
reaction. The surface and reaction front quasichemical reactions are given, as is the 
overall reduction reaction for Cu2O. Arrows indicate diffusing species. 
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Determining which quasichemical reaction stated above is the dominant reaction is 
not a trivial task. The two phases present after reduction, copper and alumina, have very 
different electrical and mass transport properties, so defect diffusion rates will depend on 
the nanostructure of the composites. The pO2 gradient shown schematically in Figure 4.19 
will affect the equilibrium concentration of vacancies78 and affect the driving force for 
diffusion. A full analysis of these reactions is beyond the scope of this project and will be 
left to future work. 
4.2.3.c. Diffusion Rates for Atomic Species 
An important observation in this process is that the grain boundary transport of 
oxygen must be faster than bulk transport of oxygen and copper, otherwise the reaction 
would progress at a constant rate into the bulk rather than the reaction nucleating at grain 
boundaries as has been observed. Ricoult and Schmalzried note that internal reduction 
reactions must involve diffusion of both metal and oxygen atoms79. They discuss that the 
reaction cannot occur by simple diffusion of metal atoms to precipitate in the oxide if the 
oxygen sub-lattice is retained in the transformation: This would cause a local increase in 
volume and is energetically unfavorable. Since oxygen lattice diffusion is extremely slow 
(values discussed later), other avenues of oxygen diffusion must be active. The three 
possibilities discussed are i) diffusion along a continuous precipitate which would grow as 
a spike or branching structure, ii) diffusion along lattice faults formed during the 
precipitation process, allowing short-circuit diffusion, and iii) diffusion along cracks 
formed due to the local volume change associated with the precipitation process. Figure 
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4.17 shows micrographs from this work, and identifies regions where the proposed 
diffusion pathways occur. Given the microstructures observed in this work, all three 
possibilities are possible. In particular, the observed copper lamella can be described by 
diffusion pathway (i), and are connected to grain boundaries which are known to have 
higher diffusion rates.  
The diffusion coefficient for oxygen in polycrystalline copper at 1000°C is reported 
to be 2.6*10-9m2s-138,80.  Oxygen has a high solubility in copper, approaching 0.8mol% at 
1000°C38. In comparison, the oxygen diffusion rate in un-doped alumina single crystal and 
polycrystalline samples at 1200°C are 10-24 m2s-173 and 10-18 m2s-181 respectively, and will 
be lower still at 1000°C. A comparison of the oxygen diffusion data suggests that the 
diffusion of oxygen in alumina will be the rate limiting factor in the decomposition 
reaction. Once oxygen diffuses into the coarse copper lamella, the combined effects of high 
solubility and relatively fast diffusion rates will quickly transport oxygen to the grain 
boundaries and then out of the sample in the reducing environment.  In contrast to oxygen, 
copper has a diffusion coefficient of 2.1*10-18 m2s-1 in polycrystalline alumina at 1000°C82, 
diffusing more slowly than oxygen. 
4.3. Coarsening Mechanisms 
A frequent issue with nanostructures in any system is the tendency for the 
microstructure to coarsen to minimize the energy contributions due to a high number of 
interfaces. The coarsening process of microstructures can be described as continuous or 
discontinuous depending on how the microstructure evolves. The copper/alumina 
nanocomposites studied have shown evidence of both continuous and discontinuous 
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coarsening in various regions of the sample. The respective microstructures are shown and 
discussed. To examine how the microstructure evolves due to the coarsening reactions, a 
CuAlO2 sample was annealed in the reducing atmosphere (N2-5%H2) for 24 hours. The 
microstructure of the sample was examined to determine which coarsening reactions were 
favored.  
4.3.1. Driving Force and Kinetics of Coarsening 
Driving forces for discontinuous coarsening have been reported in the literature to 
have a chemical component due to residual segregation in the constituent phases, interfacial 
energy considerations, or stored strain energy in the phases59. The equation for the driving 
force for discontinuous coarsening can be expressed as 
∆𝐺𝐷𝐶 = ∆𝐺𝐷𝐶
𝑐 + ∆𝐺𝐷𝐶
𝛾 + Δ𝐺𝐷𝐶
𝜀  (4.9) 
where the superscripts c, γ, and ε indicate the chemical segregation, interfacial 
energy, and strain energy components respectively. The chemical segregation energy term 
can be ignored in this system due to a very low solubility of copper in alumina82. The strain 
energy term is also very small, and typically ignored in calculations58. In the copper-
alumina system then, the driving force will depend only on the interfacial energy 
considerations. 
The free energy change due to the interfacial energy component is defined as  
Δ𝐺𝐷𝐶
𝛾 = −2𝛾𝑉𝑚 (
1
𝜆0
−
1
𝜆𝐷𝐶
) (4.10) 
where γ is the specific energy of a copper-alumina interface, Vm is the molar volume of the 
system, and λ is the interlamellar spacing of the microstructures before and after 
coarsening. This relationship shows that the driving force for discontinuous coarsening of 
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a particular copper-alumina interface decreases as the initial interlamellar spacing 
increases, shown in Figure 4.21. The free energy change of a discontinuous coarsening 
reaction is plotted as a function of initial interlamellar spacing, assuming a constant, final 
interlamellar spacing of 10µm. The interfacial energy between copper and θ-Al2O3 is 
assumed to be 5Jm-2, similar to reported values for γ-Al2O3 and copper83,84, and the molar 
volume of θ-Al2O3 assumed to be 26.97cm3mol-1 using theoretical values. Initial 
interlamellar spacing values are plotted from a minimum of 1nm to 50nm, and should be 
compared to a measured average spacing of 5nm as shown in Figure 4.4. The plot shows 
that the driving force for discontinuous coarsening decreases rapidly as the initial 
interlamellar spacing increases. This means that as the copper nanoplatelets coarsen and 
grow in a continuous manner, the microstructure becomes less likely to initiate the 
discontinuous reaction.   This indicates that the two coarsening processes will be competing 
in the microstructure. Once a small amount of continuous coarsening occurs, discontinuous 
coarsening is significantly less likely to happen. 
 In addition to the driving force depending on the initial interlamellar spacing, the 
boundary velocity will also depend on initial interlamellar spacing. The equation 
describing the boundary velocity can be derived from the equation for driving force by 
converting the driving force into a grain boundary concentration gradient and solving the 
steady state diffusion equation, as detailed in the literature. The equation, 
𝜐𝐷𝐶 =
8𝑥𝛽
𝑥𝛽−𝑥𝑒
𝑠𝛿𝐷𝑏𝛾𝑉𝑚
𝑓𝛼
2𝑓𝛽
2𝜆𝐷𝐶
2 𝜆0𝑅𝑇
(1 −
𝜆0
𝜆𝐷𝐶
) (4.11) 
shows similar trends to the driving force, where the boundary has a high velocity when the 
initial interlamellar spacings are small, but decreases rapidly for larger interlamellar 
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spacings. Holding all variables constant beside the interlamellar spacings results in an 
equation of the form  
𝜐𝐷𝐶 =
1
𝜆𝐷𝐶
2 𝜆0
(1 −
𝜆0
𝜆𝐷𝐶
) (4.12) 
which is plotted in Figure 4.21b. This illustrates that the interface velocity decreases rapidly 
as the interlamellar spacing increases. Even if a discontinuous coarsening event nucleates 
in a region where a small amount of continuous coarsening has occurred, the discontinuous 
reaction front will move very slowly into the continuously coarsened microstructure. 
 The combined effects of decreasing driving force and decreasing boundary velocity 
for larger interlamellar spacings indicates that two different types of microstructures can 
be expected from reduction heat treatments for long periods of time. In some cases, 
discontinuous coarsening events nucleate early, and the discontinuous reaction quickly 
sweeps through a composite grain, leaving the coarsening, globular morphology. In other 
cases, the discontinuous coarsening event does not nucleate, or nucleates after the copper 
has coarsened appreciably. In this case, there is little driving force for discontinuous 
coarsening in these regions, and any reactions that do start will move slowly compared to 
continuous coarsening effects. It is expected that these two types of microstructures, 
globular and coarse lamellar, will be the primary constituents after long reduction heat 
treatments. These two observed microstructures will be discussed in detail.  
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Figure 4.21. (a) Plot of change in Gibbs Free Energy via a discontinuous coarsening 
reaction as a function of initial interlamellar spacing. Final interlamellar spacing is 
assumed constant at 10μm. Interfacial energy assumed to be 5J/m2, molar volume of 
26.97cm3/mol. (b) Plot of DC reaction front velocity as a function of initial interlamellar 
spacing. Final interlamellar spacing is assumed constant at 10μm. 
 
4.3.2. Continuous Coarsening  
Diffusion of the copper platelets within the ‘nanocomposite’ regions show the 
diffusion of copper tends to be nearly perpendicular to the CuAlO2 basal plane. These 
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platelets coalesce within the alumina grains forming the characteristic copper layers as they 
grow along the basal plane. These copper lamella exhibit continuous coarsening behavior, 
as the copper lamella start out with a small, discrete diameter, but grow at a small but 
continuous rate, as evidenced by the presence of many copper lamella of varying sizes. 
Figure 4.22 shows these copper lamella of continuously varying sizes. This continuous 
coarsening is due to the persistent diffusion of copper particles, in a manner that would 
lower the total energy of the system. The coalescing copper suggests that it is energetically 
more favorable for the copper to exist as bulk phase with fewer interfaces rather than 
distributed as copper nanoparticles within the matrix.   
The formation of the copper lamella within the alumina grains suggest a low energy 
interface between the copper 111 and various alumina planes. Since spherical particles 
minimize the surface-area-to-volume ratio, the copper would be expected to form round 
particles rather than thin layers in order to minimize the surface energy of the copper. If 
the copper 111-alumina interface is a very low energy interface, the system would favor 
microstructures which have the maximum area of this interface, such as long platelets. 
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Figure 4.22. CuAlO2 grain after reduction at 1000°C for 3hr in N2-5%H2. Sample was 
fabricated from CuAlO2 powder that was press and sintered for 6 hours. A distribution of 
copper lamella of varying sizes are present, suggesting a continuous coarsening process 
which will lead to large copper lamella. 
 
 The copper lamella may instead be non-equilibrium structures that have not had 
sufficient time to reach energy-minimizing structures. The development of copper spheres 
within the alumina matrix would require substantial reconstruction of the alumina matrix 
to create the spherical pores for copper particles. Heat treatments for 3 hours at 1000°C are 
not sufficient for the system to reach equilibrium, but some regions of the samples do show 
spherical or globular copper particles, which will be discussed next.  
4.3.3. Discontinuous Coarsening  
In contrast to continuous coarsening processes, discontinuous coarsening manifests 
as an abrupt change in the size of layers or precipitates in the microstructure. This abrupt 
change happens as the discontinuous coarsening reaction front migrates from the boundary 
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into the sample. This reaction front allows for rapid diffusion of atoms for a variety of 
proposed reasons.   
The appearance of discontinuous coarsening in a layered metal-ceramic composite 
is a novel finding not reported in the literature to date 59. Reported discontinuous coarsening 
systems are typically binary or ternary metal systems. The only metal-ceramic system that 
has been shown to exhibit discontinuous coarsening is the alumina-chromia-chromium 
system53. In this system, chromium particles precipitated during a partial reduction process 
and showed evidence of discontinuous coarsening for chromium particles connected to a 
grain boundary. The discontinuous coarsening of this layered metal-ceramic composite is 
a novel finding, and the details of the transformation will be discussed. 
4.3.3.a. Observed Microstructures  
Several regions in the studied samples showed regions that contained globular 
copper particles that were one to two orders of magnitude larger than those found in the 
nanocomposite regions. Figure 4.27a shows a region of the composite microstructure 
where two such coarse regions are visible and indicated. Figure 4.27b shows an BF-TEM 
image of an interface between the coarse and fine regions. This dramatic change in 
microstructure, when compared to the nanocomposite-and-platelet regions discussed 
earlier, suggest a discontinuous coarsening reaction can occur in this system. The interface 
between the DC region and nanocomposite regions show an abrupt change in copper 
particle size, consistent with discontinuous coarsening. 
Discontinuous coarsening is a moving boundary reaction that converts a finer 
distribution of two-phase lamellar products into a coarser distribution. This coarsening 
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reaction typically reserves the crystal structure and only involves a compositional change 
across the boundary. In this system, copper was shown to maintain not only the crystal 
structure, but also the orientation within individual parent-CuAlO2 grains, discussed 
earlier. HAADF-STEM images of alumina regions on either side of the reaction front show 
two different atomic arrangements of the aluminum cations.  
A TEM sample from a 3hr reduction run was used to investigate the relationship 
between the fine nanocomposite and the discontinuous coarsened region. Figure 4.23 
shows a HAADF-STEM image of a region of the TEM sample which contains the 
nanocomposite and discontinuously coarsened regions. DC reactions nucleate on an 
interface, and two hypothesized interfaces are indicated in the image.  
The orientation of the copper particles was observed to be constant before and after 
the discontinuous coarsening reaction. Figure 4.26a shows copper nanoplatelets within the 
fine nanocomposite region. A diffractogram of the copper part of this region is shown in 
the inset, and can be indexed to the 011 zone axis for FCC copper. Figure 4.26b shows a 
copper particle in the DC region. The diffractogram in inset can also be indexed to the 011 
FCC copper zone axis. While the alumina undergoes a structural transformation during the 
discontinuous coarsening reaction, the copper maintains the FCC crystal structure and 
relative orientation, which was first proposed based on ACOM results in Figure 4.11, and 
confirmed using HAADF-STEM lattice imaging techniques in Figure 4.26. 
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Figure 4.23. HAADF-STEM image showing a discontinuous coarsening reaction front 
growing into the nanocomposite Cu/θ-Al2O3 microstructure. A parent-phase grain 
boundary and twin boundary are indicated as hypothesized initiation sites. 
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Figure 4.24. HAADF-STEM image showing the discontinuous coarsening reaction front. 
The aluminum cations visible in HAADF imaging show a change in crystal structure 
across the reaction front. 
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Figure 4.25. (a)HAADF-STEM image showing the discontinuous coarsening reaction 
front. (b) Diffractogram and reconstructed lattice image using masked diffractogram from 
fine, nanocomposite microstructure. (c) Diffractogram and reconstructed lattice image 
using masked diffractogram from discontinuous coarsened region.  
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Figure 4.26. (a)HAADF-STEM image of copper nanoplatelets in the fine region of the 
sample. Delineated box shows region used for FFT, shown in inset. (b) HAADF-STEM 
image of copper particle in the DC region. Delineated box shows region used for FFT, 
shown in inset. 
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Figure 4.27. (A) BSE image of CuAlO2 after reduction at 1000°C for 3hr in N2-5%H2. A 
sharp interface is indicated with nanoscale copper platelets on the top and globular 
copper particles around an order of magnitude larger on the bottom, indicative of 
discontinuous coarsening. (b) TEM BF image of similar discontinuous coarsening 
interface showing nanoplatelets on left, coarsened microstructure on right. 
 
1 µm 
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4.3.3.b. θ to δ Phase Transformation  
In HAADF-STEM imaging in Figure 4.24, a boundary between the fine 
nanocomposite and discontinuous coarsened regions can be located by the change in the 
ordering of the aluminum ions.  Figure 4.24 shows a higher magnification, atomic 
resolution image of the interface between the fine composite and the DC region.  This 
image showed a change in the arrangement of aluminum cations across the discontinuous 
coarsening interface. To confirm the change in aluminum cation lattice and identify crystal 
structure, a diffractogram (FFT) of the regions from Figure 4.24 were obtained, indexed, 
and used for reconstruction. Figure 4.25a shows two regions of interest on opposite sides 
of the discontinuous coarsening reaction front. Figure 4.25b shows the diffractogram and 
lattice image reconstructed by performing the inverse FFT of only the selected bright 
diffraction spots in the diffractogram. The diffractogram in Figure 4.25b can be indexed to 
the θ-Al2O3 130 zone axis, and its reconstructed lattice image is displayed. Figure 4.25c 
shows the diffractogram (FFT) of the coarsened alumina region. The diffractogram cannot 
be indexed to a θ-Al2O3 pattern, but matches the δ2-Al2O3 623 zone axis. The reconstructed 
lattice image is also shown in Figure 4.25c, confirming the change in aluminum cation 
locations across the DC reaction front. 
The transition from θ to δ involves a change in ordering of the aluminum cations in 
the structure. In the θ structure, 50% of the aluminum cations are in the octahedral 
interstices, while the other 50% are located in tetrahedral interstices. This changes for the 
δ structured aluminas, which have 62.5% of the aluminum cations in the octahedral sites31. 
This ordering brings the structure closer to the α-Al2O3 structure, in which all aluminum 
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cations are located in the octahedral sites, filling 2/3 of the total octahedral sites. While the 
aluminum cation ordering is reasonable in this regard, it is not consistent with other 
observations of transition alumina sequences. 
Igor and Levin in their summary of transition aluminas indicate that transition 
alumina sequences involving δ and θ structures evolve from boehmite precursors26. The 
most common accepted transition sequence transforms first to δ, then to θ before 
progressing to α. No reports of transitions from θ to δ have been reported in the literature 
though the two transition aluminas have been shown to have similar enthalpies of 
formation30.  
Energetically, the transformation from θ to δ may be attributed to differences in the 
interfacial energy between the two polymorphs and the copper precipitates. For given 
copper nanoplatelets, the θ-Al2O3 structure may have a lower interfacial energy but higher 
volume free energy. When discontinuous coarsening occurs, the coarsening of copper 
reduces the need for a large area of low-energy interfaces between copper and θ-Al2O3. 
The decrease in surface area due to coarsening will then favor the formation of the δ-Al2O3 
structure, hence the transformation to δ during coarsening. A similar phenomenon wherein 
a difference in interfacial energy stabilized a different polymorph was reported by 
McHale83, based on the MD simulation work of Blonksi 84. McHale showed that the lower 
interfacial/surface energy and entropy of γ-Al2O3 nanoparticles can stabilize the γ structure 
even above temperatures at which micron-scale particles convert to the more 
thermodynamically stable α-Al2O383. 
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5. Application to Copper Complexions in Alumina 
5.1. Introduction 
Grain boundaries are known to influence many bulk material properties such as 
creep, fatigue, strength, and conductivity85. The development of various aberration 
correctors for the S/TEM has allowed the direct imaging of the atomic structure of grain 
boundary interfaces and structures.  Characterization of grain boundaries has led to the idea 
of ‘grain boundary engineering’ or ‘kinetic engineering’ i.e., manipulating process 
parameters to form microstructures with a preference for a particular type of grain 
boundary22. One intriguing application of grain boundary engineering is the fabrication of 
a metal-ceramic composite taken to the finest microstructural extent: a ceramic 
microstructure with a monolayer of metal atoms at the grain boundaries. This metal-
ceramic composite could potentially exhibit the best properties of the individual 
components, combining the strength and hardness of the ceramic with the ductility or 
electrical conductivity of the metal. To the author’s knowledge, this type of composite 
microstructure has not been reported in the literature. 
Fabrication of a ceramic monolith with a monolayer of metal atoms at a ceramic 
grain boundary interface would require processing strategies that favor the formation of 
monolayers or thin films of metal in the ceramic grain boundary. The wettability of a 
material on a particular surface can be used to predict if thin films and complexions would 
be favored in grain boundaries. This correlation of wettability and complexions has been 
studied in the nickel-bismuth system24,86.  Liquid bismuth on a polycrystalline nickel 
surface infiltrates the nickel grain boundaries, shown in Figure 5.1. In these nickel grain 
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boundaries, the bismuth forms thick films that taper as the distance from the surface 
increases shown in Figure 5.1b, until discreet bismuth bilayers exist at the nickel grain 
boundaries shown in Figure 5.1a24. These grain boundary interfacial structures, or 
complexions, are shown to be thermodynamically stable in the grain boundaries. The 
wettability of bismuth on nickel is shown to play an important role in the formation of the 
grain boundary structures. This connection between wettability and grain boundary 
structures could be used to create a metal-monolayer/ceramic composite. 
One metal-ceramic system in which wettability of the metallic phase has been 
widely studied is the copper-alumina system.  
5.1.1. Introduction to Complexions Theory 
Bulk metal or ceramic polycrystalline materials contain grain boundary interfaces 
that frequently play an important role in determining the bulk material properties. The 
atomic structure of grain boundaries have only recently started being examined with the 
advent of atomic resolution S/TEM using various aberration correctors. With these new 
tools,  the understanding of grain boundaries has shifted from disordered, kinetically 
trapped structures to interphase stabilized phases87, deemed ‘complexions’, that are 
chemically and structurally distinct from the adjacent bulk phases23. Recent work studying 
grain boundaries in alumina revealed six discrete types of grain boundary structures due to 
impurity segregation depending on the material composition and annealing temperature22. 
Segregation of impurity atoms such as silicon, calcium, and magnesium and formation of 
different types of complexions in alumina was hypothesized to be the cause of abnormal 
grain growth in the alumina. If the alumina grain boundaries contained segregated metal 
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atoms rather than the impurity atoms, this ‘copper complexionized alumina’ could 
potentially exhibit electrical or thermal conductivity while retaining the strength of the bulk 
alumina. To fabricate this type of complexionized ceramic structure, a processing 
technique that infiltrates copper into the alumina grain boundaries, similar to the bismuth-
nickel infiltration, is necessary. The wettability and infiltration behavior of copper on 
alumina has been extensively studied. 
 
Figure 5.1. (a) HAADF-STEM image of bismuth atoms segregated to nickel grain 
boundary after heat treatment at 700°C (b) Appearance of bismuth-nickel alloy 
infiltrating nickel grain boundary at annealing at 1100°C for 5h. Reproduced from Luo et. 
al.24 
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5.1.2. Review of Wetting Behavior of Cu on Al2O3 Surfaces 
The wettability of copper on alumina free surfaces is known to be dependent on 
oxygen partial pressure as first shown by Chaklader et al.39. The contact angle of a copper 
sessile drop on A-plane sapphire was measured, with the oxygen content of the copper drop 
controlled by the addition of copper oxide. The contact angle was observed to decrease 
from 163° for pure copper, to 27° for Cu-6.68wt%O. On cooling, examination of the 
interface revealed the presence of ‘needle-like’ structures which XRD indicated to be the 
CuAlO2 phase. The increase in wettability was attributed to a chemical reaction at the 
interface to form CuAlO2, lowering the interfacial energy
39 and increasing the bond 
strength (work of adhesion, Wad)
88. The formation of CuAlO2 and the improvement in 
adhesion and decrease in contact angle has been observed by annealing metallic 
copper/alumina surfaces in an oxidizing atmosphere 89–92. 
Many investigations into the formation of mixed oxide phases at Cu/Al2O3 
interfaces have been carried out, showing the formation of CuAlO2 and CuAl2O4 depending 
on the annealing environment during processing42,93,94. Scheu et al. showed in a similar 
study that thin films (~30nm) of CuAlO2 form at Cu-sapphire (0001) interfaces
41. These 
films appeared to originate from the growth of larger CuAlO2 needles at the Cu-Al2O3 
interface, suggesting improved wettability of Cu on CuAlO2 (contact angle of 110°) when 
compared to Cu on Al2O3 (141°). The wettability of CuAlO2 on Al2O3 was not measured, 
but a well-defined orientation relationship was observed: 
(0001)Al2O3[112̅0]Al2O3||(0001)CuAlO2[101̅0]CuAlO2. The wetting behavior of CuAlO2 on α-
Al2O3 is of interest for the development of copper complexions in alumina. If the contact 
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angle is sufficiently low, spontaneous infiltration of the CuAlO2 may occur into the Al2O3, 
which would introduce a copper-containing phase to the grain boundaries. A subsequent 
reduction heat treatment could then be used to decompose the CuAlO2 into Cu and Al2O3. 
This hypothesis will be tested in this work. 
5.1.3. Cu-Ti Reactive Wetting on Al2O3 Surfaces 
Another method to improve the wettability of Cu on Al2O3 surfaces is the addition of 
titanium. Cu-Ti alloys are frequently used in direct brazing of alumina to improve the 
wettability of the copper phase95. Titanium is known to be a reactive wetting agent in these 
alloys, causing an irreversible change in the chemical nature of the interface96. This change 
is due to the formation of a stable, continuous layer of TiO on the Al2O3
97. Kritsalis et al. 
further indicate that a Cu2Ti2O layer precipitates out between bulk copper and the TiO layer 
after cooling98. The spreading of CuTi alloys on alumina surfaces is classified as a 
reduction reaction, with slower kinetics than the dissolution reaction involved with wetting 
of copper-oxygen alloys99. 
5.2. Procedure 
Samples of Al2O3 with different levels of copper or copper-titanium additions as 
indicated in Table 5.1 were fabricated using the SPS process described in section 2.1.2. 
The dense monoliths were sectioned and metallographically prepared for analysis using 
SEM techniques. The microstructure was characterized and morphology of copper 
containing phases examined. 
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Table 5.1. List of samples and processing parameters. 
Sample Dopants SPS Process Heat 
Treatment 
1 
Insulating 
powder for 
Heat 
Treatment 1 
Reduction 
Anneal 
C1 0.5vol% Cu 1300°C 50MPa 
25min 
N/A N/A N/A 
C2 0.5vol% Cu 1300°C 50MPa 
25min 
1100ºC 
48h 
Al2O3 N/A 
C3 0.5vol% Cu 1300°C 50MPa 
25min 
1100ºC 
48h 
Al2O3 1000ºC 3h 
N2-5%H2 
T1 0.5vol%Cu 
+ 1000ppm 
Ti 
1300°C 50MPa 
25min 
N/A N/A N/A 
T2 0.5vol%Cu 
+ 1000ppm 
Ti 
1300°C 50MPa 
25min 
1100ºC 
48h 
CuAlO2 N/A 
T3 0.5vol% Cu 
+ 1000ppm 
Ti 
1300°C 50MPa 
25min 
1100ºC 
48h 
CuAlO2 1000ºC 3h 
N2-5%H2 
T4 0.5vol%Cu 
+ 1000ppm 
Ti 
1300°C 50MPa 
25min 
1100ºC 
48h 
Al2O3 N/A 
T5 0.5vol% Cu 
+ 1000ppm 
Ti 
1300°C 50MPa 
25min 
1100ºC 
48h 
Al2O3 1000ºC 3h 
N2-5%H2 
 
To convert the copper containing phases to CuAlO2, the SPSed samples were 
placed in capped alumina crucibles and insulated with alumina packing powder as 
described in section 2.1.3. After the oxidizing annealing step, samples were again 
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characterized to determine the effect of the prior heat treatment on the microstructure. TEM 
samples were fabricated from these samples using FIB methods, and grain boundaries in 
the sample characterized in a Jeol ARM200CF AEM.  
Some of the oxidized samples were then subjected to an additional reduction heat 
treatment using a Centorr M60 vacuum furnace as described in section 2.4.3. Samples were 
placed in a capped alumina crucible and packed with Al2O3 powder. The furnace chamber 
was evacuated to 25mtorr and backfilled with N2. The N2-5%H2 process gas was flowed 
into the chamber at a rate of X mm3min-1 once heating began. The furnace was heated at a 
rate of 20ºC/min to the hold temperature of 1000ºC. At the end of the hold temperature, 
furnace power was turned off in order to quench the samples to retain high temperature 
microstructures. Samples were characterized in the SEM, and TEM samples extracted 
using FIB techniques. TEM samples were examined in the Jeol ARM200CF to determine 
the grain boundary structures and complexions present in the samples.  
EELS analysis on the same samples was performed at the Penn State University 
Materials Characterization Lab using an FEI Titan3 G2* STEM at 200keV equipped with 
a Cs probe corrector and monochromator.  The probe convergence angle used for EELS 
was 30mrad, and the EELS collection angle was 40mrad. EELS Spectra were collected 
using a GIF Quantum 963 system with a reported 0.1eV energy resolution.  
For electrical conductivity measurements, SPS samples were fabricated with the 
appropriate starting powders using the techniques reported in section 2.4.1 using 
parameters listed in Table 5.1. After sintering in the SPS furnace, the dense pellets were 
sectioned and the outer regions that had appreciable carbon contamination. The remaining 
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11×11×3mm cube was ground to less than 1mm thickness using 400grit SiC grinding 
paper. A 1.2nm thick gold electrode was sputter-deposited on the surface of the sample 
using a sputter coater (SEM Coating Unit E5100, Polaron Equipment, Ltd). Carbon tape 
was placed around the edges to prevent gold deposition on the sides of the sample. The 
sample was turned over and a washer (inner diameter 3mm, outer diameter 7.5mm) was 
used as a mask create a central and guard electrode on the opposite surface. The final 
sample geometry is shown schematically in Figure 5.2.. 
Electrical conductivity measurements were obtained using a Model 595 Quasistatic 
CV meter (Keithley Instruments Inc., Cleveland OH) to measure DC current, varying the 
voltage from ±1.0V in increments of 0.1V every 3s. Current through the sample was 
measured 2s after the 0.1V change to allow time for equilibration. The measurements were 
used to generate an I-V plot to determine the resistivity of the samples. Measurements were 
obtained both while the outer electrode was connected to ground, and while it was 
disconnected, in order to differentiate between surface and bulk conductivities of the 
sample, shown schematically in Figure 5.2. 
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Figure 5.2. Schematic diagram of sample geometry and test apparatus for electrical 
resistivity measurements. 
 
5.3. Results 
5.3.1. Microstructures observed in Cu-doped Al2O3 
 After both oxidation and reduction heat treatments (sample C3), the microstructure 
of the Al2O3-0.5vol%Cu was examined with BSE imaging in the SEM. Within the alumina 
matrix, two types of copper-rich phase were observed. Figure 5.3a shows the geometries 
of the two copper-containing phases. Small, round copper particles were observed in either 
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triple points or within grain interiors, while elongated copper needles are found on alumina 
grain boundaries. Figure 5.3b shows the two types of particles at higher magnifications. In 
the BSE image, the two types of particles had different brightness levels, indicative of a 
different average atomic number. The rounded particles are brighter, suggesting a non-
wetting metallic copper phase, while the elongated particles are darker. EDS spectra from 
these elongated particles match those from CuAlO2 spectra obtained previously. The 
CuAlO2 phase shows improved wettability over the non-wetting copper particles.   
 To examine the grain boundaries at higher resolution, a TEM sample was fabricated 
using FIB techniques from the sample near several CuAlO2 particles. Figure 5.4a shows a 
TEM BF image of the TEM sample, which contains a Cu-rich particle. The triple points 
adjacent to the Cu-rich particle appear to have wetting-like characteristics. Figure 5.4b 
shows a higher magnification BF image of the same triple point. The grain boundary does 
not appear to have any Cu-rich film present. This was confirmed using HAADF-STEM 
imaging. Figure 5.5 shows the HAADF-STEM image of the same boundary from Figure 
5.4. The sample was tilted so the upper alumina grain was oriented with [01-10] zone axis 
parallel to the beam direction. It can be seen that there is no indication of copper 
segregation to the grain boundary in HAADF-STEM imaging, nor did EDS indicate the 
presence of a copper peak. In total, 15 grain boundaries were examined using HAADF-
STEM and EDS. In no case was copper detected in the alumina grain boundaries in these 
samples. 
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Figure 5.3. (a) BSE image of copper-containing phases in sample C2 (b) BSE image 
showing higher magnification, highlighting geometry of wetting and non-wetting phases.  
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Figure 5.4. (a) TEM BF image of sample from C3, containing a copper oxide particle in 
alumina.  (b) Higher magnification image of region from a, showing wetting-like 
behavior of copper oxide, but no copper film is visible in alumina grain boundary. 
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Figure 5.5. HAADF-STEM image of alumina grain boundary from Figure 5.4a. The 
alumina lattice appears to have a uniform intensity, indicating the grain boundary has no 
heavier elements segregated there.  
 
 Despite the presence of a wetting CuAlO2 phase, no Cu monolayer or bilayer 
complexions were observed in the alumina grain boundaries. The presence of CuAlO2 in 
the sample far from the alumina surface suggests the sample had reached equilibrium with 
the surrounding atmosphere during the oxidation heat treatment. After reduction, the 
interior of the sample still contained CuAlO2, suggesting the 3h reduction anneal is 
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since the CuAlO2 phase is not stable in the 10
-22atm pO2 environment. No CuAlO2 films 
were observed in the samples, which contradicts the reports in the literature of CuAlO2 thin 
films adjacent to CuAlO2 needles. The resulting lack of CuAlO2 films can be interpreted 
in two different ways; (i) CuAlO2 films never formed in the samples or (ii) CuAlO2 films 
formed, but receded back to the Cu-rich particles. 
 Since neither the oxidization anneal at 1100°C nor the reduction heat treatment at 
1000°C had yielded Cu or CuAlO2 films in the Al2O3 grain boundaries, other methods 
would be used in an attempt to increase the wettability of copper on alumina.  
5.3.2. Electrical resistivity measurements of Cu-doped Al2O3 
Samples C2 and C3 exhibited CuAlO2 thick films in the alumina grain boundaries. 
Since CuAlO2 is a known p-type semiconductor
100, the electrical properties of the copper-
doped alumina are of interest. Samples C1, C2, and C3 were used for electrical conductivity 
testing and compared to an un-doped Al2O3 as-sintered standard. 
Figure 5.6 shows the I-V curve measured for samples C1, C3, and an un-doped 
alumina sample. Also plotted is the open circuit signal for comparison to inherent noise in 
the ammeter. Alumina and sample C1 show no significant deviations from noise, indicating 
that the sensitivity of the ammeter used is not sufficient to measure the small amount of 
current travelling through the samples. This is expected, as pure alumina is a well-known 
insulator with a resistivity value of about 1014Ω•m101. Sample C1 similarly is expected to 
have a very high resistivity value despite the addition of copper; the SPS heat treatment is 
in a very reducing atmosphere, and the copper forms isolated, non-wetting particles in the 
 137 
 
triple points. Thus, un-doped alumina and C1 are expected to be very insulating, and both 
show similar I-V curves. 
The measured I-V curve for sample C3 shows approximately ohmic behavior over 
the 2V measurement range. Ohm’s Law,  
𝑉 = 𝐼𝑅 (5.1) 
was used to calculate the resistance of the sample. With the calculated resistance value of 
1.67×1011Ω, the resistivity of C3 was calculated using the conductivity equation for 
samples with a guard ring geometry: 
𝜎 =
𝑑
𝐴𝑒
×
1
𝑅
 (5.2) 
where d is the sample thickness and Ae is the effective electrode area. Ae is given by  
𝐴𝑒 = 𝜋𝑟𝑒𝑓𝑓
2  (5.3) 
where reff is the effective electrode area of the top and bottom electrodes, given by  
𝑟𝑒𝑓𝑓 = 𝑟1 +
𝑔
2
− ln (cosh(𝜋𝑔 4𝑑⁄ )) (5.4) 
Here, g is the width of the gap between the contact and guard electrodes and r1 is the radius 
of the contact electrode. The calculated resistivity (inverse conductivity) of the 
complexionized sample was 5.22×1011Ω•m, a decrease of 3.5 orders of magnitude from 
the theoretical value of 1014 Ω•m of un-doped alumina.  
 Figure 5.7a shows an I-V plot for sample C2 which was expected to have CuAlO2 
present as thick films on the alumina grain boundaries. C2 had a calculated resistivity value 
of 6.5×1010Ω•m. To confirm that the sample would retain conductivity after a reduction 
reaction, electrodes were removed by polishing the surface of sample C2, and it underwent 
the reduction heat treatment at 1000°C for 3h in N2-5%H2 process gas. The sample was 
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then re-polished, gold electrodes re-deposited, and measured again in the as-reduced state. 
Figure 5.7b shows a plot of the resistivity of samples measured and compared to a 
theoretical value for un-doped alumina. Samples in the oxidized condition, had lower 
resistivity than samples that had been reduced. 
 
Figure 5.6. I-V curves for samples of un-doped alumina, Cu-doped alumina, and a 
comparative open circuit voltage. The sensitivity of the ammeter used is about 2×10-12A. 
Only sample C3 shows measurable ohmic behavior. 
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Figure 5.7. (a) I-V curve for sample C2, showing ohmic behavior. (b) Plot of surface 
resistivity values for samples C2, C3, C2 after additional reduction, and theoretical un-
doped alumina value.  
 
 
1.00E+10
1.00E+11
1.00E+12
1.00E+13
1.00E+14
Su
rf
ac
e 
R
es
is
ti
vi
ty
 (
Ω
∙m
)
Resistivity of Complexionized Samples
(a) 
(b) 
 140 
 
After measuring the resistivity of the samples, the guard electrode was connected 
to ground to limit conductivity to bulk conduction mechanisms.  When re-tested in this 
manner, no current was measured above noise using the same ammeter. This suggests that 
the previously measured resistivity values corresponded to surface conduction mechanisms 
and are labelled as such. The lower surface resistivity is unexpected, as surface resistivity 
of alumina is reported to be generally higher than bulk resistivity101. Samples were re-
cleaned in an ultrasonic bath using ethanol for 30min and dried in a vacuum dessicator to 
try to remove any adsorbed contamination, but this had no effect on the measured surface 
resistivity. 
The measurable surface resistivity can be attributed to the two annealing heat 
treatments used in samples C2 and C3: If the decrease in resistivity had been due to 
adsorbed moisture101 or contamination from handling, all samples would have shown 
similar behavior during testing. Un-doped alumina and sample C1 displayed no measurable 
conduction through surface or bulk mechanisms despite similar sample geometries. 
Additional studies and further analysis would be necessary to determine what 
microstructural differences are present in samples C2 and C3 that cause the decreased 
surface resistivity.  
5.3.3. Microstructure and interfaces of Cu/Ti-doped Al2O3 after oxidation 
To improve the wettability of copper on alumina, a small amount of titanium 
(1000ppm) was added in solution to the copped-doped alumina powder mixture during 
powder processing. The dried powder was sintered using the same heating schedules in the 
SPS. The monolithic ceramic was sectioned to remove the outer carbon contamination. The 
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monolith was then placed in an alumina crucible filled with CuAlO2 powder as an 
infiltration test. The monolith and powder were annealed at 1150°C for 48hr in a box 
furnace. The compacted sample, was then sectioned; one part was reserved for a subsequent 
reduction (T3), while the other, sample T2 was polished and the microstructure examined. 
 A representative micrograph of the surface of the Cu/Ti-doped Al2O3 surface after 
oxidation (T2) is shown in Figure 5.8a. This BSE image shows thick films of CuAlO2 in 
the grain boundaries of the outermost 10µm of the sample. This wettability is consistent 
with reports in the literature of CuAlO2 wettability on Al2O3
41,43,95. Thick films of CuAlO2 
are observed in the alumina grain boundaries, with an average film thickness of about 
30µm. The thickness of these films is much greater than the 30nm grain boundary films 
reported by Scheu41, more closely resembling the large CuAlO2 needles they reported. This 
spontaneous infiltration indicates good wettability of CuAlO2 on Al2O3. 
Thick wettings films are a known type of complexion in the literature23, but these 
CuAlO2 films do not contain copper in the metallic state as desired. While the films do 
show excellent wettability, the thickness of the films would likely result in a thick film of 
copper after reduction. This would be undesirable, as bulk metallic copper is known to 
have high contact angles on α-Al2O3 surfaces39, and would likely de-wet the alumina 
surfaces. These thick films will be briefly re-investigated after reduction in section 5.3.4. 
Further into the monolithic α-Al2O3 sample, the geometry of the copper particles 
present due to prior doping can be observed. Figure 5.8b shows a BSE image of the two 
types of copper-rich phases present in the sample. Isolated, small round particles of copper 
appear to be non-wetting, while long, platelet-like grains of CuAlO2 appear to be wetting 
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in the grain boundaries. The reason for the difference in appearance of the phases is 
hypothesized to be related to the diffusion of oxygen into the sample via grain boundaries. 
Formation of the CuAlO2 phase requires the diffusion of oxygen into the copper and 
alumina regions. Oxygen grain boundary diffusion is known to be faster than lattice 
diffusion in alumina by six orders of magnitude81. During the oxidizing heat treatment, 
oxygen is likely able to diffuse through the grain boundaries and react with copper on the 
grain boundaries and triple points to form the CuAlO2 phase. Near the sample surface, this 
happens before appreciable grain growth can occur. Figure 5.9 shows the geometry of 
copper particles near the surface. Compared to Figure 5.8b, there are no non-wetting copper 
particles observed. Additional oxygen is not able to diffuse appreciable distances into the 
alumina grains during heat treatment, so copper particles isolated within the alumina grains 
during grain growth are unable to initiate the phase transformation due to the lack of 
additional oxygen. The contrasting wetting properties of CuAlO2 and metallic Cu then 
explain the difference in geometry of the two copper-containing phases.   
To examine the grain boundaries for evidence of copper segregation, a TEM sample 
was obtained from the monolithic sample (T4), near several of the copper-containing 
phases described earlier. From this region, an example shown in Figure 5.9, FIB techniques 
were used to extract and thin the sample to electron transparency. BF and HAADF-STEM 
imaging on a Jeol ARM200CF were used to examine the grain boundaries and look for 
evidence of copper segregation to these boundaries.  
Figure 5.10a shows a representative HAADF-STEM image from one such TEM sample. 
Several copper-rich particles are observed on the triple points surrounding an alumina 
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grain. The grain boundaries adjacent to these copper-rich triple points display a brighter 
contrast, suggesting segregation of a higher-Z element to these boundaries. The delineated 
boxes indicate regions of a grain boundary that were viewed at higher magnification to 
identify the local grain boundary structure. Figure 5.10b and Figure 5.10c show these 
atomic resolution images. Figure 5.10b shows an inclined grain boundary. The boundary 
appears brighter than the adjacent alumina grains, but the edge-on grain boundary cannot 
be observed. Figure 5.10c shows the same boundary at a different location. The boundary 
here was edge on, and the aluminum atoms at the surface of the on-axis grain appear 
brighter than the aluminum atoms in the bulk. Figure 5.11a shows the same boundary with 
a delineated region containing several atoms indicated. Figure 5.11b shows the intensity 
profile for the indicated region in Figure 5.11a, confirming that the outermost atomic 
position has a higher intensity that adjacent bulk aluminas. This indicates that a heavier 
element is likely sitting on the site, and will be confirmed with EDS. 
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Figure 5.8. (a) BSE image of surface of sample T2, showing spontaneous infiltration of 
CuAlO2 into alumina grain boundaries. (b) Appearance of copper-containing phases in 
T2, 200µm from the surface. Wetting CuAlO2 and non-wetting Cu particles are observed. 
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Figure 5.9. BSE image of copper oxide phases in T2 near the surface of the sample. All 
the copper present appears to be oxidized and wetting on alumina interfaces, indicated. 
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Figure 5.10. (a) HAADF-STEM image of alumina grain with copper oxide particles in 
the triple points, from sample T2. Delineated regions are shown at higher magnification 
below. (b) HAADF image of inclined boundary that appears bright due to segregation. (c) 
Image of same boundary in a different area, but edge on. The brightness of the grain 
boundary suggests segregation of heavier elements. 
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Figure 5.11. (a) HAADF-STEM image of grain boundary showing segregation in sample 
T2. (b) Intensity profile from delineated region in a, showing a sharp increase in intensity 
at the surface atom site 
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Figure 5.12a shows a lower magnification image containing several copper-rich 
particles and bright grain boundaries. The boundary examined in Figure 5.11a is labelled 
GB2. In Figure 5.12a, the four labelled grain boundaries were observed to contain 
segregation of heavier elements. EDS measurements were obtained for these four 
boundaries. Figure 5.12b shows the results of EDS quantitative measurements accounting 
for beam broadening based on a technique reported from the literature102. The four 
boundaries investigated showed a large titanium component on the grain boundaries, 
appreciable silicon content, and a small amount of copper. The silicon is likely an impurity 
associated with the α-Al2O3 starting powder. The presence of a silicon and calcium rich 
[glassy] interfacial layer is known to increase wettability and adhesion in bonds between 
bulk copper and alumina103. These glassy layers were reported to be between 0.4nm and 
1.0nm in thickness depending on alumina orientation, which is substantially thicker than 
the ‘layers’ observed in this study. The large amount of titanium relative to the other 
components at the boundary, combined with the observation that there does not seem to be 
a glassy layer, suggests the wetting behavior is due to a reactive wetting mechanism as 
described in the literature98.  
The delineated copper particle in Figure 5.12a was examined at higher 
magnification to determine how the grain boundary segregation occurs near the copper rich 
particles. Figure 5.13a shows this region, while Figure 5.13b shows the atomic resolution 
image of the copper-rich phase at the triple point. The layered structure corresponds to the 
CuAlO2 delafossite-structured oxide. This phase appears to have the geometry of a wetting 
particle, but the higher magnification images show that the copper planes in CuAlO2 do 
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not extend into the adjacent grain boundaries, and no evidence of copper segregation to the 
boundaries is found near this triple point. This is inconsistent with literature reports of thin 
films of CuAlO2 forming in Cu-Al2O3 boundaries adjacent to CuAlO2 needles
41, suggesting 
the presence of an abutting copper grain is necessary for the formation of CuAlO2 layers 
at the grain boundary.  
The presence of the delafossite-structured CuAlO2 indicate that the bulk system 
was at or near equilibrium conditions at the end of the oxidation heat treatment, as CuAlO2 
will only form above 800°C and in sufficiently oxidizing atmospheres. Despite the 
‘equilibrium’ state, copper and titanium were not found on all boundaries. This suggests 
that certain combinations of grain boundary planes may be energetically unfavorable for 
complexion formation. 
The role of the titanium in improving the wettability of copper has been studied, 
and is described as a reaction wetting mechanism98,99,104. The sessile drop and capillary rise 
experiments conducted by Chidibaram99 demonstrated that the improved wettability was 
due to the formation of such reaction layers rather than an change in interfacial energy as 
was observed in copper with oxygen additions. Ohuchi and Kohyama showed using XPS 
that titanium on an alumina surface causes a reduction of the alumina surface105. It was 
suggested that the electron transfer from titanium and the reduced aluminum species 
exhibited more metallic-like bonding at the surface, which improved the wettability of the 
metallic copper. They noted the differing nature of bonding for ionic and covalent surfaces. 
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Figure 5.12. (a) HAADF-STEM image from sample T2 of grain boundaries examined 
using quantitative EDS. (b) Plot of elements present in excess at alumina grain 
boundaries. 
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Figure 5.13. (a) Higher magnification image of Cu-rich particle from Figure 5.12, 
identified as CuAlO2. (b) HAADF image of alumina-alumina-CuAlO2 triple point. No 
copper is observed in the alumina boundary. 
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The oxidation experiment showed that it is possible to infiltrate a copper-containing 
phase into the grain boundaries of α-Al2O3. The valence state of the elements in the 
complexion structure are unknown. Much of the microstructure is in some form of oxidized 
state based on the phases present in the surrounding triple points. While a small amount of 
copper is found in the grain boundaries in these structures, it too is likely in an oxidized 
state. To determine if copper will reduce and stay in the boundary as a metal, the structure 
needed to be put through a reduction heat treatment and reinvestigated. 
5.3.4. Microstructure and interfaces of Cu/Ti-doped Al2O3 after reduction 
The reserved part of sample T2 was examined after reduction at 1000°C for 3hr in 
an N2-5%H2 process gas, and is labelled as sample T3. 
 
Figure 5.14. BSE image of sample T3 surface. CuAlO2 films, observed in Figure 5.8, 
have decomposed, leaving thick films of copper within the alumina grain boundaries. 
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Figure 5.15. BSE image of surface and regions near the surface of sample T5. The change in geometry and appearance of the copper-
rich phases indicate the farthest extent of reduction 
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Figure 5.14 shows the surface of the Cu-Ti doped alumina after the reduction 
process. The thick CuAlO2 films previously observed in Figure 5.8a have decomposed and 
are copper films in the alumina grain boundaries. These thick films still appear to be 
wetting, or have not had sufficient time to diffuse out of the microstructure. As predicted, 
the thick CuAlO2 films became thick Cu films, not the monolayer or bilayer complexions 
that were the aim of the study.  
To investigate the grain boundary structures, sample T5 was fabricated in the same 
manner as T3 but using alumina packing powder during oxidation. After the reduction 
process, the sample has been partially reduced. Figure 5.15 shows a BSE micrograph 
highlighting the geometry of copper-rich phases as a function of distance from the sample 
surface. A change in the appearance of the copper-rich phases is apparent on either side of 
the indicated line, and was attributed to reduction of the copper oxides. This indicates that 
the samples was not fully reduced. The equilibrium oxygen partial pressure in the furnace 
during reduction has been estimated to be in the range of 10-20 atm pO2. This is well below 
the range of stable pO2 as indicated on the Cu2O-Al2O3 phase diagram. Thus, the presence 
of the delafossite phase indicates that the center of the sample has not reached 
‘equilibrium’. The center of the sample was expected to show similar microstructures to 
the oxidized sample, so TEM samples were selected from regions nearer to the surface. 
Figure 5.16a shows a comparison of metallic copper particle geometry. These geometries 
are likely related to the similar geometries observed in Figure 5.8a of the oxidized sample, 
suggesting some increased wettability from the oxide is retained for a period of time. Figure 
5.16b shows another region containing both wetting and non-wetting copper phases. TEM 
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samples were obtained from regions similar to those indicated by the wetting copper region 
in Figure 5.16b using FIB techniques. 
Figure 5.17a shows a BF-STEM image of TEM samples obtained from sample T5. 
Copper-rich particles, identified using atomic resolution STEM imaging, are indicated with 
boxes. Several grain boundaries were examined for evidence of Cu and Ti segregation. The 
four boundaries indicated in Figure 5.17a appeared to have heavier elements segregated to 
the grain boundaries. Two of these boundaries are inclined and were not directly imaged. 
The other two grain boundaries were imaged, as indicated. Figure 5.17b shows a 
representative HAADF-STEM image of these boundaries. The atoms at the grain boundary 
again have a higher intensity than the aluminum atoms in the bulk, as was described in 
Figure 5.11, indicating segregation of a higher-Z element. This was confirmed with EDS 
line scans. Figure 5.18a shows a lower-magnification HAADF-STEM image of a slightly 
inclined boundary of interest. The arrow indicates the direction of the EDS line scan. Figure 
5.18b shows spectra for energy windows corresponding to the location of copper, 
aluminum, and oxygen EDS peaks.  An increase in copper signal at the grain boundary 
correlates with a decrease in the aluminum and oxygen signals. 
To determine the oxidation state of the copper and titanium at the grain boundaries, 
Electron Energy Loss Spectroscopy (EELS) was performed. 
  
 156 
 
 
Figure 5.16. (a) BSE image of reduced copper particles in sample T5. The wetting and 
non-wetting appearance are hypothesized to be related to the starting phase CuAlO2 vs 
Cu. (b) BSE image of copper particles near the surface. Several of the larger particles 
which started out as CuAlO2 appear to be wetting after reduction. 
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Figure 5.17. (a)BF-STEM image of TEM sample obtained from sample T5. Copper 
particles in the sample are indicated, and several indicated grain boundaries appeared to 
have segregating elements. (b) HAADF-STEM image of a boundary from a. The 
increased brightness at the boundary indicates segregation 
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Figure 5.18. (a) HAADF-STEM image of grain boundary in sample T5. Arrow indicates direction of EDS linescan across boundary. 
(b) EDS linescan plots for Cu Kα, Al, and O. 
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5.3.4.a. Electron Energy Loss Spectroscopy of Cu-Ti complexions 
The presence of copper at the grain boundaries of alumina does not indicate any 
meaningful change in properties, and future experiments should look to establish 
mechanical and electrical properties of these ‘metal complexionized ceramics’. 
The valence state of the copper and titanium atoms was examined using EELS 
analysis. Standards of copper in the +2, +1, and metallic state were prepared for comparison 
to experimental results. Figure 5.19 shows the collected spectra from the copper standards. 
Figure 5.19a shows the CuO standard; copper in the Cu2+ state, with characteristic L3 and 
L2 edges at 930eV and 950eV. Cu2O and CuAlO2 samples were used to generate the Cu
1+ 
standard, and both showed similar results. Figure 5.19b shows the Cu2O standard with 
similar L3 and L2 edges. The characteristic difference between the Cu
1+ and Cu2+ spectra 
are the two minor ELNES structures between the L3,2 edges. The metallic copper standard 
shows copper in the metallic state. The L3 edge is present, but no other structures are 
present due to electron sharing. These standards agreed well with EELS spectra reported 
in the literature106. 
Figure 5.20 shows a HAADF-STEM image of a TEM sample fabricated for EELS 
analysis from sample T5. Several copper-rich particles are visible, and were identified as 
Cu2O. HAADF-STEM imaging had confirmed that the five boundaries indicated in the 
figure showed evidence of copper and titanium segregation.  Figure 5.21a shows a higher 
magnification of one of these boundaries connected to a Cu2O particle. Figure 5.21b shows 
the atomic resolution HAADF-STEM image of a section of the boundary. The 
characteristic increase in signal intensity again suggests segregation of a higher-Z element 
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to the grain boundary. An EELS spectra was obtained from the boundary by focusing the 
electron probe to a spot on the boundary. Figure 5.22a shows the high-loss region of the 
collected EELS spectra. Figure 5.22b shows the smaller energy window where the copper 
L3,2 edges can be observed. The presence of both edge structures suggest the copper is an 
oxidized state, but the very low amount of signal makes it difficult to resolve any minor 
peaks between.  An attempt to increase the beam current to generate more counts in the 
EELS spectra caused significant damage to the sample. To try to improve the signal-to-
noise ratio, an area scan was used. By scanning over a larger area, the electron dose 
decreased and more signal could be collected. Figure 5.23 shows the sum spectrum from 
this area scan. The spectra is less noisy, but the small amount of signal between the L3,2 
edges is not sufficient to differentiate between Cu2+ or Cu1+. 
Titanium ions in the complexion structures were also detected with EELS. Figure 
5.24a shows the spectrum collected in the Ti energy loss region. The L3,2 peaks are present 
around 460eV. The oxygen K edge is also visible around 535eV. The larger amount of 
titanium at the grain boundary resulted in a higher peak to background ratio, and allowed 
for easier characterization. Figure 5.24b focuses on the features present in the L3,2 edge. 
The small shoulder prior to the L3 edge suggests the oxidation state of Ti is closest to TiO 
based on qualitative comparisons to oxides in the literature107, shown in Figure 5.25. The 
formation of a layer of TiO is consistent with similar reports in reactive wetting 
literature97,98. The HAADF-STEM image combined with the EELS result suggest that the 
titanium sits equivalently to an aluminum ion at the grain edge. 
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Figure 5.19. Experimental EELS spectra for the three oxidation states of copper.  
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Figure 5.20. HAADF-STEM image of TEM sample from sample T5, used for EELS 
analysis. Five indicated boundaries showed evidence of Cu/Ti segregation. EELS spectra 
were collected from these boundaries. 
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Figure 5.21. (a)HAADF-STEM image of ‘Boundary 3’ from Figure 5.20. (b) Higher 
magnification image of boundary, showing grain boundary structure and evidence of 
segregation to the boundary. 
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Figure 5.22. (a)EELS spectra from ‘Boundary 4’ in Figure 5.20. The Cu L3,2 edge is 
visible. (b) ROI showing copper L3,2 edge. The ELNES structures between the 2 edges 
cannot be distinguished from signal noise. 
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Figure 5.23. (a) Summed EELS spectra from area scan on ‘Boundary 4’ in Figure 5.20. 
Copper L3,2 edges are more discernable, but there is still insufficient signal to distinguish 
between Cu2+ and Cu1+ sub-structures 
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Figure 5.24. (a) EELS spectra from ‘Boundary 4’ in Figure 5.20. Titanium L3,2 edges are 
indicated, as is the Oxygen K edge. (b) ROI showing magnified Ti L3,2 edge. The pre-L3 
edge shoulder is indicative of TiO type bonding state. 
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Figure 5.25. Ti L-edge and O K-edge EELS spectra for titanium oxide nanoparticles 
produced from colloidal solutions, reproduced from Huang et. al.107.  
 
 
5.3.5. Summary 
The grain boundary structures of Cu-doped and Cu/Ti-doped alumina were 
examined. In the Cu-doped alumina, CuAlO2 formed during the oxidation heat treatment 
and was found in grain boundaries and triple points. The phase appeared macroscopically 
wetting on alumina, consistent with finding in the literature for sessile drop experiments. 
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No evidence of CuAlO2 films were found in the grain boundaries, as shown in Figure 5.13b. 
This suggests the CuAlO2 30nm thin films observed by Scheu
41 may not be stable in 
alumina-alumina boundaries, and may require a copper-alumina grain boundary to form. 
The CuAlO2 phase was observed to have good wettability on alumina, as pressure-
less infiltration of CuAlO2 into alumina grain boundaries occurred in Figure 5.8a. These 
thick films, approaching 1µm in thickness are a type of grain boundary complexion. These 
films were shown to be a good way to infiltrate thick films of copper into the alumina grain 
boundaries, as Figure 5.14 shows the copper does not immediately diffuse out of 
boundaries after reduction. 
Reactive wetting of titanium on the alumina grain boundaries was observed in the 
form of Ti layers in the alumina grain boundaries. EDS of these layers showed the presence 
of significant amounts of Ti, Ca, and in some cases, Si as well as a small amount of copper. 
Si-Ca-O glassy films are known to be wetting on Cu-Al2O3 boundaries
103, but the boundary 
thickness in this experiment is thin compared to the films discussed in 103. Based on the 
appearance of the grain boundary in HAADF-STEM imaging (Figure 5.11 and Figure 
5.21), the interface appears to be an ordered structure. The segregated Ca and Si are more 
likely found as ordered boundary structures akin to the complexions observed by Dillion 
et. al.22. In these boundaries, the copper is in an oxidized state. The exact arrangement of 
the segregated elements at the grain boundary was not determined, but HAADF-STEM 
(Figure 5.11 and Figure 5.21) show the elements are sitting on aluminum-equivalent 
positions at the grain boundary.  
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5.4. Conclusions 
Oxidation and reduction heat treatments were used to attempt to infiltrate a copper-
rich phase into alumina grain boundaries. Grain boundaries were imaged using HAADF-
STEM to identify segregation and structure. EDS and EELS were used to identify the 
elements within the grain boundary. CuAlO2 was observed to infiltrate alumina grain 
boundaries as thick films, but no evidence of CuAlO2 thin films were found at alumina-
alumina grain boundaries. Electrical conductivity measurements showed an increase in 
surface conductivity after oxidation and reduction anneal of the copper-doped alumina.  
With the addition of 1000ppm titanium, atomic level segregation was found at the 
grain boundaries. EELS analysis showed the titanium in an oxidized state similar to 
reported TiO films known to occur during reactive wetting. Copper was shown to be 
oxidized within the grain boundaries, although the exact oxidation state could not be 
confirmed. These Cu/Ti complexions are expected to have interesting electrical properties 
and will be tested in future experiments. 
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6. Conclusions  
The decomposition behavior of fully dense CuAlO2 in highly reducing environments was 
studied. The microstructure of the metal-ceramic composites produced from the precursor 
oxide were characterized. Processing techniques to form CuAlO2 were used to try to 
infiltrate copper into alumina grain boundaries in the form of copper complexions. The 
following conclusions were drawn. 
• CuAlO2 decomposes to form hierarchical nanocomposites consisting of alternating 
layers of copper and an alumina-copper nanocomposite 
• Copper layers in the composite grew fastest parallel to the CuAlO2 (0003) plane 
• HAADF-STEM imaging shows that during reduction of CuAlO2, elongated, 
oriented copper nanoparticles precipitate within the θ-Al2O3 matrix. 
• The orientation relationship between the θ-Al2O3 and copper nanoparticles was 
shown to be Cu[110]||θ-Al2O3[001] and Cu(111)||θ-Al2O3(-401) 
• Discontinuous coarsening of the nanocomposites was observed to occur, and 
involved a transformation of θ-Al2O3 to δ-Al2O3. Across this interface, copper 
retains the same crystallographic orientation. 
• Copper was not observed as discrete complexions in alumina grain boundaries, but 
processing strategies to produce CuAlO2 films contributed to an increase in surface 
conductivity of 3 orders of magnitude. 
• The addition of 1000ppm titanium to the copper complexion samples produced a 
complexion in the alumina grain boundary. The valence state of copper and 
titanium in the grain boundaries was shown to be non-metallic. 
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A. Appendix 1- Laboratory equipment cleaning procedure 
Labware used in powder processing, including alumina milling balls, PTFE-coated 
magnetic stir bars, PTFE tweezers, alumina mortar and pestles, alumina tubes, 
alumina crucibles, were all cleaned using the following procedure: 
1. Crucibles or labware were placed in a 1000mL PTFE container and 
positioned in a fume hood. 
2. Fresh aqua regia was made using a 1:3 molar ratio of nitric acid to 
hydrochloric acid. The fresh aqua regia was poured over the labware in the 
PTFE container, and left to soak for 60 minutes to remove any metallic 
contaminants 
3. After soaking, labware was removed from the aqua regia and rinsed with 
DI water before being placed into a PTFE container filled with DI water. 
The labware was then left to soak for at least 12 hours 
4. The used aqua regia was stored in glass bottles and labelled for waste 
collection 
5. After soaking in DI water, the labware was once again rinsed with DI water 
6. Labware was placed in a PTFE container, and the container filled with 
laboratory grade trichloroethylene to remove any organic contaminants. 
The labware was left to soak for at least 12 hours 
7. After soaking in trichloroethylene, the labware was rinsed with DI water 
8. Used trichloroethylene was stored in a glass bottle and labelled for waste 
collection 
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9. Labware was placed in a PTFE container, and the container filled with 
laboratory grade acetone to remove any residual trichloroethylene. The 
labware was left to soak for at least 12 hours 
10. After soaking in acetone, the labware was rinsed with DI water 
11. Used acetone was stored in a polyethylene bottle and labelled for waste 
disposal 
12. Labware was then placed in a PTFE container, and the container filled with 
DI water. The labware was then left to soak for at least 12 hours 
13. Labware was removed from the container and rinsed with DI water. It was 
then placed in a fume hood to dry overnight 
14. Used DI water was disposed of in the laboratory sink 
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B. Appendix 2 - Microstructure after 24 hour Reduction Heat Treatment 
After a 24 hour reduction run, the microstructure was evaluated and compared to 
known hypotheses discussed above. 
Figure B.1 shows several representative micrographs with characteristic features of 
the coarsened microstructures. Two types of microstructures are observed; the lamellar 
microstructure is retained in larger CuAlO2 grains albeit with significant coarsening of the 
copper features. Regions near internal cracks and free surfaces display much coarser 
microstructures, and copper appears to diffuse to these surfaces when possible. This 
observation suggests that the wettability of copper on alumina in these conditions is poor, 
as is expected with the predicted pO2 values of 10
-22atm. Microstructure near the free 
surfaces seems to be more coarse and consistent with observed discontinuous coarsening 
reactions. These samples were sectioned with a high speed diamond saw, causing 
mechanical damage to the surfaces of the samples. This surface damage is known to cause 
discontinuous coarsening reactions to initiate58,108, explaining the coarsening of these 
regions. 
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Figure B.1. (a) BSE image of CuAlO2 after reduction at 1000°C for 24hr in N2-5%H2. 
The copper lamella are still visible in large grains while smaller grains on the right of the 
image show more globular microstructures. (b) Regions near the surface and near internal 
cracks show similar globular microstructures with significant copper diffusion to the 
surfaces, delineated and darker on the BSE image. (c) Within larger grains, the lamellar 
structures are retained, but there is a significant broadening and connectivity of the 
copper layers.(d) Within the lamella, copper is observed to have coarsened significantly 
and now has a more globular appearance even within the lamellar structures. Faceted 
particles are also observed near the copper-alumina interfaces. 
 
 
Closer examination of the retained lamellar microstructures show coarsening of the 
microstructure within the prior-CuAlO2 grains. While the copper lamella remain 
approximately planar, the copper particles within the alumina layers appear to have 
coarsened and are visible as round particles in the alumina matrix.  
25 µm 25 µm 
10 µm 1 µm 
(a) (b) 
(c) (d) 
 187 
 
These two types of microstructures observed in samples after 24 hour indicate that 
grain size and grain boundaries have a significant influence on how the microstructure 
evolves. The smaller grains appear to undergo discontinuous coarsening with much higher 
frequency than the larger, high-aspect ratio grains. While this may be explained by shorter 
diffusion lengths to the grain boundaries, it may also be the result of discontinuous 
coarsening preferentially nucleating in regions of smaller grains.  
Each grain is expected to have similar types of boundaries on the surface of the 
three dimensional grain; if any particular terminating plane served as an initiation site for 
discontinuous coarsening, it would be randomly observed on any or all grains regardless 
of size. Alternatively, if the discontinuous coarsening reaction occurred with equal 
frequency on any length of grain boundary, the large grains would be expected to, on 
average, nucleate a discontinuous reaction more frequently due to their larger surface area.  
Since neither of the above cases have been observed, an alternative explanation 
must be given. Images of the small-grain regions show a substantial fraction of the copper 
is located at the grain boundaries or as separate grains adjacent to the (porous) alumina 
from which it had diffused. The presence of copper on the grain boundaries may play a role 
in causing a grain boundary to nucleate a discontinuous coarsening reaction. A similar 
hypothesis was proposed by Manna59 based on observations in  Zn-4at%Ag alloys109. 
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C. Appendix 3 - Kinetics of Reduction in the CuAlO2 System 
A series of reduction heat treatments were performed on samples of CuAlO2 to try 
to determine reaction kinetics for the decomposition reaction at the tested temperatures and 
atmospheres. Samples were annealed for ‘zero’, 3, 5, 10, and 20 hours to determine how 
far the reaction front progresses into the samples. Figure C.1 shows a representative image 
from the 5h sample along with example measurements of reaction front distance from the 
surface. Five measurements were obtained per sample and used to obtain an average 
reduction depth for that sample. Samples annealed for 10h and 20h were fully reduced, so 
measurements of reduction front depth could not be made on these samples. In several 
samples, small cracks formed in the monoliths during one of the annealing steps.  These 
cracks, indicated in Figure C.2 for the 10h sample, provided new, shorter diffusion 
pathways in many samples, manifesting as a ‘fully reduced’ sample after a very short 
period of time. This was observed in several cases, resulting in a smaller statistical set than 
desired. Acceptable samples were produced after ‘zero’, 3-, and 5-hour reduction runs. 
Table C.1 displays the average reduction front depth for these three samples, and Figure 
C.3 shows a plot of the same data. 
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Figure C.1. BSE micrograph showing CuAlO2 microstructure after reduction at 1000°C 
for 5 hours in N2-5%H2 process gas. The sample was partially reduced, resulting in a core 
of CuAlO2 at the center of the sample. Arrows indicate approximate distances used to 
determine the reduction depth for determination of reaction kinetics. 
 
 
Figure C.2. BSE micrograph of CuAlO2 structure after heat treatment at 1000°C for 10 
hours in an N2-5%H2 process gas. The sample is completely reduced with no CuAlO2 
remaining. Large cracks are indicated in the sample, which greatly reduce the diffusion 
distance needed for reduction in the center of the sample.  
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Table C.1. Measured values for depth of reaction front from sample surface for given 
reduction heat treatment times at 1000°C in N2-5%H2. Depth values are averages of five 
measurements from each sample. 
Time (min) Reduction Depth (µm) 
0 33.4 ± 9.0 
180 496.0 ± 80.0 
300 963.4 ± 50.7 
 
 
Figure C.3. Reduction layer thickness as a function of reduction time, data from Table 
C.1.  
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